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PREFACE. 


In  undertaking  this  work,  my  principal  object  has  been  to 
supply  the  want,  long  and  universally  felt  among  Students 
of  Engineering  and  Architecture,  of  a  concise  Text-book 
on  Structures,  requiring  on  the  part  of  the  reader  a 
knowledge  of  elementary  mathematics  only.  In  order  to 
obtain  complete  information  on  the  subject  it  has  been 
necessary,  hitherto,  to  consult  a  large  number  of  books, 
and  these,  moreover,  have  been  generally  too  advanced  for 
the  average  student.  The  present  work  is  an  attempt  to 
i*emove,  or  at  least  to  minimise,  these  disadvantages. 

Throughout,  my  aim  has  been  to  treat  the  different 
branches  of  the  subject  from  a  practical,  as  well  as  from  a 
theoretical,  stand-point ;  and  with  this  object  I  have  intro- 
duced, and  carefully  worked  out,  a  large  number  of  Practical 
Examples  such  as  occur  in  the  every-day  experience  of  the 
Engineer.  Several  of  these  Examples  are  solved  both 
analytically  and  graphically,  one  method  being  used  as  a 
check  upon  the  other. 

The  subject  of  Graphic  Statics  biis  only  of  recent  years 
been  generally  applied  in  this  country  to  determine  the 
Stresses  on  Framed  Structures ;  and  in  too  many  cases  this 
is  done  without  a  knowledge  of  the  principles  upon  which 
the  science  is  founded.     I  have  tried  to  explain  it  from  first 
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principles,  and  the  student  will  find  in  this  system  a 
valuable  aid  in  determining  the  stresses  on  all  irregularly- 
framed  structures. 

Although  the  work  has  been  designed  mainly  for  the 
class  of  readers  above  referred  to,  it  is  further  hoped  that  it 
may  prove  a  useful  book  of  Reference  to  those  engaged  in 
the  profession  generally.  Several  chapters  are  devoted  to 
the  practical  side  of  the  subject — those  relating  to  the 
Strength  of  Joints,  and  to  Punching,  Drilling,  Rivetting,  and 
other  processes  connected  with  the  manufacture  of  Bridges, 
Roofs,  and  Structural  work  generally,  being  the  result  of 
many  years'  experience  in  the  bridge-yard  ;  and  it  is  hoped 
that  the  information  given  on  this  branch  of  the  subject 
may  be  of  value  to  the  practical  bridge-builder. 

S.  A. 

Pbbtwioh,  JcuMUxry,  1891. 


Digitized  by 


Google 


CONTENTS. 


Chapter  I. — Stresses  and  Strains. 


Art 

1.  Framed  Structures — Defini- 

tion,        .... 

2.  Constituent  parts  of  Struc- 

tures— Beams,  Struts,  and 
Ties,         .... 

Extemnl  Ix>ad8  on  Struc- 
tures—  Dead  and  Live 
Loads,      .... 

Stresses  and  Strains— Com- 
pressive— Tensile  -  Shear- 
ing Stresses,     . 


Page 
1 

1 


3. 


Art 
6. 


Measurement   of    Stresses 
and  Strains, 

6.  Tensile  Stresses, 

7.  Compressive  Stresses, 

8.  Shearing  Stresses, 

9.  Transverse  Stresses,  . 
10.  Torsional      or      Twisting 

Stresses, 

Long  Struts — Do  not  fail 
by  direct  crushing, 

Table  of  Weights  of  Ma- 
terials, . 


11 


P«g9 

3 
4 

4 


Chapter  II. — Elasticity  and  Fatigue  of  Materials. 


12.  Elasticity    of    Materials- 

Definition,      .        .        .11 

13.  Limits    of     Elasticity    in 

Materials,      .        .        .11 

14.  Elasticity     an     important 

Measure  of  Strength,  12 

15.  Modulus    of    Elasticity — 

Hooke's  Law  of  Elastic 
Reaction,       ...       12 

16.  Different  Methods  of  deter- 

mining the  Modulus  of 
Elasticity— by  Compres- 
sion, by  Tension,  by 
Transverse  Stress, .        .       12 

17-  Deflection  of  Beams — Me- 
thod of  determininff  De- 
flection— Table  of  Modu- 
lus of  Elasticity  for 
different  Materials,        .       13 

18*  Set  —  Definition — Tempo- 
rary and  Permanent  Set 
—Members  of  Structures 
should  not  be  strained 
beyond  the  Elastic  Limit 
of  the  Material  — Not 
advisable  to  have  differ- 
ent Materials  in  the  same 
Structure,      ...      16 


19. 


20. 


21. 


25. 


Ultimate  Strength— Work- 
ing Load  —  Factor  of 
Safety — Contraction  of 
Area  and  Elongation  of 
Bar  under  Tensile  Stress 
—  Different  kinds  of 
Loads  on  Structures, 

Value  of  the  Factor  of 
Safety  depends  on  the 
kind  of  Load  and  the 
nature  of  the  Material — 
IClastic  Limit  a  good 
measure  of  Strength, 

Proof  Strength  —  Proof 
Load  a  multiple  of  the 
Working  Load — Table  of 
Proportions  of  Proof, 
Working  and  Ultimate 
Rtreni^ths  for  different 
Materials, 

Resilience  —  Definition  — 
Method  of  Determining, 

Fatigue  of  Materials, 

Experiments  relating  to  the 
Fatigue  of  Ca.st-  and 
Wrought- Iron  liars  and 
Girdera, 

WShler's  and  Fairbairn's 
Experiments  on  the 
Fatigue  of  Materials, 


16 


IT 


IS 

ID 
21 


22 


23 


Digitized  by 


Google 


CONTENTS. 


Chapter  IIL— Properties  of  Materials  as  used  is  Structures. 


Art.  Page 

26.  Principal  Materials  used  in 

Structural  Work— Tim- 
ber,  Cast  Iron,  Wrought 
Iron,  MUd  Steel,    .        .      25 

27.  Variation  in  the  Strength 

of  Timber  — Effect  of 
Alternate  Wetness  and 
Dryness  —  Dry  Rot  — 
Best  time  for  Felling 
Timber,  ...      26 

28.  Seasoning  and  Preserving 

Timber  —  Desiccating 
Process  —  Paint  a  Pre- 
servation against  Mois- 
ture,     ....      26 

29.  Tensile       and       Crushing 

Strengths  of  Timber,     .      26 

^.  Uses  of  Cast  Iron  in  Struc- 
tures somewhat  Limited 
— lmi>erfection8  in  Cast 
Iron — Well  adapted  for 
Direct  Compressive 
Stresses  and  for  Orna- 
mental Work,        .        .      27 

31.  Varieties    of    Cast    Iron, 

white  in  colour  is  hard 
and  brittle  ;  gray  is  soft 
and  tough— Tenacity,    .       28 

32.  Relative  Strengths  of  Small 

and  Large  Castings — 
Skin  of  Casting  adds  to 
the  Transverse  and 
Crushing  Strengths,       .      28 

33.  Engineers'  requirements  in 

Castings  -  Table  of  Ten- 
sile and  Transverse 
Strengths — Superior 
Strength  of  Castings 
made  in  America,  .         .       29 

84.  Wrought  Iron  as  used  in 
Structures— Varieties  of 
Wrought  Iron,  .       31 

35.  Testing  Wrought  Iron — 
Contraction  of  Area  at 
Point  of  Rupture— Ex- 
tension, ....       32 


Art 

36.  Tensile     Strength      of 

Wrought  Iron — Table  of 
Strengths  and  Contrac- 
tion of  Area  both  with 
and  across  the  Grain — 
Superior  Strengths  of 
Small  Sections, 

37.  Tensile      Strength      of 

Wrought  Iron  across  the 
Fibre,     .... 

38.  Strength  of  Welds— Means 

for  counteracting  Di- 
minished Strength, 

39.  Iron       Wire  — Tensile 

Strength  diminished  by 
Annealing,     . 

40.  Compressive    Strength    of 

Wrought  Iron, 

41.  Effects    of    Annealing    on 

Wrought  Iron, 

42.  Shearing       Strength       of 

Wrought  Iron— Table  of 
Shearing  Strengths, 

43.  Expansion  and  Contraction 

due  to  Changes  of  Tem- 
perature— Table  of  Co- 
efficients of  Linear  Ex- 
pansion, 

44.  Different  Kinds  of  Steel- 

Advantages  of  Mild  Steel 
for  Structural  Work,     . 

45.  Strength  of  Steel, 

46.  Elasticity  of  Steel— Modu- 

lus of  Compressive  and 
Tensile  Elasticity, . 

47.  Admiralty  Tests  for  Steel, 

48.  Lloyd's  Tests  for  Stoel,      . 

49.  Rules  of  the  French  Ad- 

miralty, 

50.  Steel  Castings — Advisabil- 

ity of  Annealing  Steel 
Castings, 

51.  Effects  of  Annealingon  Steel 

— Table  of  Strengths  of 
Annealed  and  Non-an- 
nealed Steel, . 
62.  Treatment  of  Steel  by 
Hydraulic  Pressure— Sir 
Jos.  Whitworth's  Method, 


?»«• 


32 


33 


34 


34 
34 
34 


35 


35 


37 
.37 


38 
39 

39 


40 


40 


Digitized  by 


Google 


OONTBNTS. 


XI 


Chaftkr  IV.— Mbchanical  La.wb  Rela.tino  to  Stresses  ok  Struoturbs. 


Art  Page 

53.  Bia^ms  of  Forces — Prin- 
ciple of  Moments — The 
Parallelogram  or  Poly- 
gon of  Forces,         .        .      41 

•54.  Mechanical  Forces  —  Me- 
thods of  Determining  •  a 
Force,     ...  42 

55.  Forces  of  Compression  and 

Extension,     ...      43 

66.  Principle  of  Moments,        .      43 


57.  Graphic  Method  of  Deter- 

mining the  Stresses  on 
Iframed  Structures, 

58.  Equilibriumof  Three  Forces 

acting    on    a    Point  — 
Parallelogram  of  Forces, 

59.  Resolution  of  Forces, 

60.  Triangle  of  Forces,     . 

61.  Polygon  of  Forces,     . 


Pago 


45 


45 
47 
47 
50 


Chapter  V. — External  Loads  on  Beams— Supporting  Forces. 


63. 


62.  Diflerent  kinds  of  Beams 
— Simple  Beams — Semi- 
Beams  or  Cantilevers — 
Continuous  Beams,         .      51 

External  Forces  on  Beams 
—  Supporting  Forces  — 
Conditions  of  Equili- 
brium—  Concentrated 
Loads  —  Uniformly  Dis- 
tributed Loads,  i  .  52 
64.  Beam  resting  on  Two  Sup- 
ports and  Loaded  with  a 
Single  Weight,      .        .       53 

Beam  resting  on  Two  Sup- 
ports and  Loaded  with 
two  or  more  Weights,    .      55 

Beam  resting  on  Two  Sup- 
ports and  Loaded  with  a 
Distributed  Weight,       .       55 


65. 


66. 


67.  Beam  projecting  over  One 
Support, 


Chapter  VI.— Bending  Moments  jor  F'ixed  Loads. 


72.  Definition  of  Bending  Mo- 

ment,    ....       66 

73.  Bending  Moment  in  a  Beam 

produced  by  a  Single 
LosA,     ....      67 

74.  Beam  loaded  with  a  number 

of  Weights,    ...       68 

75.  Diagram  of   Bending  Mo- 

ments,   ....      69 

76.  Case  I. — Beam  supported 

at  each  end  and  loaded 
with  a  Single  Weight,   .       70 

77.  Case  II. — Beam  supported 

at  both  ends  and  loaded 
with  two  or  more 
Weights,        ...      71 


78.  Position    of    Maximum 

Bending  Moment,  . 

79.  Purely  Graphic  Solution,  . 

80.  Graphic  Determination    of 

the  Centre  of  Gravity  of 
the  Loads  on  a  Beam,    . 

8 1 .  Case  III. — Beam  supported 

at  both  ends  and  Loaded 
with  a  Uniform  Weight, 

82.  Beam     loaded    Uniformly 

over  a  portion  of  its 
length  next  to  One  Suj)- 
port,       .... 

83.  Beam    Loaded    Uniformly 

over  an  Intermediate 
portion  of  its  Length,    . 


58 


68.  Beam  projecting  over  both 

Supports,       ...      60 

69.  Continuous  Beams,    .        .      61 

70.  Continuous  Beam  of  Uni- 

form Section  and  Two 
Equal  Spans  Uniformly 
Loaded,  ...      63 

71.  Continuous  Beam  of  Uni- 

fomi  Section  and  more 
than  Two  Equal  Spans 
Uniformly  Loaded-Table 
of  Supporting  Forces — 
Continuous  Beams  of 
Uniform  Strength, . 


65 


73 

74 


76 


77 


79 


81 


Digitized  by 


Google 


xu 


CONTENTS. 


Art. 

84.  Beam  Loaded  Uniformly 
on  Two  Segments  with 
Weights  of  Different 
Intensity » 

S5.  Bending  Moments  on  Semi- 
Beams,  .... 

86.  Cantilever  Loaded  with  a 

Single  Weight  at  its 
Free  End, 

87.  Cantilever     Loaded    with 

more  than  One  Weight, 

88.  Cantilever     Loaded     Uni- 

formly over  its  Entire 
Length, .... 

89.  Cantilever  with  a  Uniform, 

and  also  a  Concentrated, 
Load,     .... 

90.  Cantilever    Loaded     Uni- 

formly over  a  portion  of 
its  Length,     . 

9L  Beam  of  Uniform  Section 
Securely  Fixed  at  its 
Ends  and  Loaded  at  the 
Centt'e 

92.  Beam  of  Uniform  Section 
Fixed  at  the  Ends  and 
Loaded  Uniformly, 


Pftge 


Art 


Pae» 


93.  Beam  Supported  at  One 
End  and  an  Inter- 
mediate     Point,      and 

84  Loaded    at    the    Other 

End,     ....      95 

84      94.  Beam  Supportetl  at  Two 

Intermediate  Points,     .      99- 

95.  Beam,  as  before,  with  an 

84  Additional  Load,  .         .     100 

96.  Bending  Moments  in  Con- 

85  tinuous  Beams,     .        .103 

97.  Determination  of  the 
Points   of  Inflexion  in 

88  Continuous  Beams  of 
Two  Equal  Spans  and 
of  Uniform  Section,      .     104 

89  98.  Bending    Moments    in    a 

Continuous     Beam     of 
Two  Equal  Spans  and 

89  I  of  Uniform  Section,      .     105 

'  99.  Bending  Moments  in  Con- 
tinuous Beams  of  Uni- 
form Strength,      .         .     107 

91  I  100.  Girders  of  Uniform 
Strength  most  Common 
in  Large  Spans,    .        .     107 

93 


Chapter  VII.— Bending  Moments  fob  Moving  Loads. 


101.  Definition  of  a  Moving  or 

Travelling  Load,  .         .110 

102.  Beam  exposed  to  a  Uni- 

form Moving  Load  less 

in  Length  than  in  Span,     111 

103.  Beam  Exposed  to  a  Single 

Concentrated      Rolling 
Load,    .        .         .         .114; 

104.  Beam  exposed  to. a  Roll- 

ing Load  cousiHing  of  \ 

Two  Concentrated  and  i 

Equal  Weights,     .        .114} 


105.  Diagram  of  the  latter,      .     117 

106.  Beam  Loaded  with  Two 

Concentrated  and  Un- 
equal Weights  at  a  fixed 
interval  apart,       .         .118- 

107.  Graphic  Method  of  finding 

the  Position  of  the  Roll- 
ing Load  so  as  to  ])ro- 
duce  the  Maximum 
Bending  Moment  at  any 
Section,         .        •        .     120 


Chapter  VIII.— Shearing  Forces  on  Beams. 


108. 


109. 


Definition  of  the  Shearing 
Force  on  the  Section  oi 
a  Loaded  Beam,    . 

Maximum  Shearing  Force 
for  Fixed  Loads — Gra- 
phic Representation  of 
Shearing  Forces,  . 


121 


122 


110.  Purely  Graphical  Repre- 

sentation   of    Shearing 
Forces,.         .         .        .124 

111.  Beam  Loa<led  Uuifonnly 

over  its  Entire  Length,      124 

112.  Beam  Loaded   Uniformly 

over  a  Portion  of  itsLength,  125 


Digitized  by 


Google 


CONTENTS. 


Xlll 


Art.  Page 

113.  Beam  Loaded  Uniformly 

over  Two  Segments  with 
Different  Intensities  of 
Load 127 

114.  Cantilever    Loaded    with 

Concentrated  Weights, .     127 

115.  Cantilever  Uniformly 

Loaded,         .  .     128 

116.  Cantilever  with  Uniform 

and  Concentrated  Loads,   128 

117.  Beam  Exposed  to  a  Con- 

centrated Rolling  Load,     130 


Art  P»j?» 

118.  Beam  Exposed  toTwoCon- 

centratedKoUing  Loads,    131 

119.  Beam  Exposed  to'  a  Uni- 

formly Distributed  Roll- 
ing Load,       .         .         .132 

120.  Diagram       of      Shearing 

Forces  when  the  Length 
of  the  Load  is  equal  to, 
or  greater  than,  the  Span,  133 

121.  Diagram       of      Shearing 

Forces  when  the  Length 
of  the  Load  is  less  than 
the  Span,      ...     133 


Chapter  IX. — Centre  of  Gravity  akd  Moment  of  Inertia 
OF  Plane  Surfaces. 


122.  Centre  of  Gravity  of  simple 

Geometrical  Surfaces,   .     136 

123.  Centre  of  Gravity  of  the 

Section  of  a  Flanged 
Girder,.         .        .         .     137 

1124.  Centre  of  Gravity  of  T- 

SectioD,  .        .139 

125.  Practical  Method  of  find- 
ing the  Centre  of  Gravity,  139 

128.  Definition  of  the  Moment 
of  Inertia  of  a  Plane  Sur- 
face,    .        .        .        .140 

127.  Moment  of  Inertia  of  a 

Rectangle,    .  .     140 


128.  Moment  of  Inertia  of  Com- 

plex Figures,  .141 

129.  Moment  of    Inertia  of  a 

Circular  Disc,        .        .     142 

130.  Moments  of   Inertia  of  a 

Circular  Ring  and  Hol- 
low Rectangle,      .        .143 

131.  Moment  of  Inertia  of  H- 

Section     with      Equal 
Flanges,        ...     145 

132.  Moments    of    Inertia    of 

Beams  of  Various  Sec- 
tions,   ....     149 


Chapter  X Internal  Stresses  in  Beams. 


133.  Theory    of     Stresses    on 

Loaded  Beams,     .        .     151 

134.  Method    of    Determining 

the  Moment  of  Resist- 
ance for  Different  Beams,    154 

135.  Beams   of  Solid  Rectan- 

gular Section,        .        .155 
130.  Beams    of    Solid    Square 
Section,    one    Diagonal 
being  Vertical,      .         .     166 

137.  Beams  of  Solid  Circular 

Section,         .        .        .     156 

138.  Beams  of  Hollow  Circular 

Section,         .  .156 

139.  Beams  of  Hollow  Rectan- 

gular Section,  .     157 

140.  Beams  of  H-Section  with 

Equal  Flanges,      .        .    167 


141.  Beams  of  H-Section  with 

Unequal  Flanges, .        .     160 

142.  Beams  of  T-Section,         .     162 

143.  Discrepancies       between 

Theory  and  Practice 
in  Determining  the 
Strength  of  Solid  Beams 
—Table  of  Moduli  of 
Rupture  for  Different 
Sections  and  Materials,     162 

144.  Strength  of  Solid  Rectan- 

eular  Cantilevers  Uni- 
formly Loaded,     .        .     169 

145.  Strength  of  Solid  Rectan- 

guliu:  Cantilevers  Load- 
ed at  the  Free  End,      .     170 

146.  Solid  Rectangular  Beams 

Supported  at  both  Ends 
and  Loaded  at  the 
Centre,.        •        •        .171 


Digitized  by 


Google 


XIV 


C0HTBNT8. 


Art.  Pace 

147.  Solid  Rectangular  Beams 
Supported  at  both  Ends 
and  Loaded  Uniformly 
— RoUed  Girders,  .     171 


Art  FAge 

148.  Approximate  Method  of 
Calculatingthe  Strength 
of  Rolled  Girders — 
Table  of  Strengths,       .     184 


CiiAFTER  XI. — Columns  and  Long  Struts. 


149.  Strength   of  Columns 

Theoretically  and  Prac- 
tically Considered, 

150.  Short  Columns  —  Method 

of  Failure,     . 

151.  Long  Columns  —  Method 

of  Failure,    . 

152.  Columns       of       Medium 

Length  —  Method  of 
Failure  —  Strength  of 
Flat-  and  Round-ended 
Colunms, 

153.  Position    of   Fracture   in 

Long  Cast-Iron  Columns, 
164.  Rules  for  Determining  the 
Strength  of  Long  Cast* 
Iron  Columns,  either 
Solid  or  Hollow,  and 
Circular  in  Section  — 
Hodgkinsou's  Rules  — 
Table  of  3'5th  and 
1  'GSrd  powers, 

155.  Strength   of    Columns  of 

Medium  Length,  . 

156.  Safe    Working    Load    on 

Cast-Iron  Columns, 
167.  Proportions     of     Hollow 
Cast-iron  Columns, 


168. 

187 

159. 

188 

160. 

188 

161. 

188 

162. 

189 

163. 
164. 

165. 

166. 

190 

195 

167. 

196 

196 

168. 

Columns  of  +  &i^d  H- 
Section,         .        .        .     19^ 

Gordon's  Rules  for  Co- 
lumns— ^Table  of  Break- 
ing WeighU,  .     I9& 

Rankine's  Rules  for  the 
Strength  of  Columns — 
Table  of  Squares  of 
Radii  of  Gyration,        .     203 

Wrouffht-lron  Columns  of 
Solid  Section,        .        .    205 

Rankine's  Rules  for 
Wrought-Iron  Columns,    206- 

Strength  of  Solid  Round 
Wronght-Iron  Columns,     20ft 

Wrought  -  Iron  Tubular 
Columns  —  Table  of 
Strengths,    ...     207 

Wrought-Iron  Struts  of 
Angle-,  Tee-,  and  Chan- 
nel-Sections, .     20& 

Mr.  Christie's  Experi- 
ments on  Wrought-Iron 
Struts,.         .        .         .211 

Steel  Columns  of  Solid, 
Round,  and  Rectangular 
Sections — Mr.  Baker's 
Rules,  ....     212 

Steel  Columnsof  L- and  H- 
Section,         .         .        .    212 


Chapter  Xn.~BRAGED  Gibdebs— Bollman  Truss— Trapezoidal 
Truss— Fink  Truss. 


169.  Braced    Girders— Defini- 

tion,    .... 

170.  Different  kinds  of  Braced 

Girders, 

171.  Simple   Triangular  Truss 

with  Single  Load— Boll- 
man  Truss,   . 

172.  BoUman  Trass  with  Dis- 

tributed Load, 

173.  BoUman  Tmas  of  Three 

Divisions,     . 


214 
214 

214 
217 
218 


174.  BoUman    Truss    of    any 

Number  of  Panek,        .     21& 

175.  Defects   of  the   BoUman 

Truss,  ....     222 

176.  Trapezoidal  Truss,   .        .     221^ 

177.  Trapezoidal  Truss  of  any 

Number  of  Panels,        .     22$ 

178.  Fink  Truss,      ...     226 

179.  Fink  Truss  of  any  Num- 

ber of  Equal  Panels,     .    227 


Digitized  by 


Google 


COVTBNTB. 


XV 


Chaptkb  Xin.— Braced  Gihdsbs  {continued)— Wakbjeh  Gibdebs. 


Art.  Plage 

180.  DeHnition      of      Warren 

Oirder,.  ...  233 
131.  Nature    of     Stresses    in 

Warren  Girders,  .         .     233 

182.  Girder  Supported  at  both 

Ends  and  Loaded  at  an 
Intermediate  Point,      .     233 

183.  Bow's  Method  of  Letter- 

ing  Diagrams,  .     287 


Art 

184.  Warren      Girders      Uni- 

formly Loaded,     . 

185.  Semi-girders    Loaded    at 

their  Extremities, 

186.  Cantilever  Uniformly 

Loaded, 

187.  Warren      Girders     with 

Vertical  Bracings, 


Pftg» 
242 
24» 
252 
25& 


chaftzb  xrv. 


-BsACED  GiBDEBS  (continued)- 
LiNmjjs  Tbusses. 


-Lattice  Gibdebs — 


188.  Definition   of    Lattice 

Girder,.        ...     258 

180.  Stresses  on  Lattice  Girders,   258 

190.  Linville  Trusses,      .        .     262 

191.  Linville     Truss     Loaded 

with  Single  Weight  at 

the  Centre,   ...     263 


192.  Linville     Truss     Loaded 

with  Single  Weight  at 
any  Pointy    ...     26$ 

193.  Linville  Truss  Weighted 

with  an  Evenly  Distri- 
buted Load— Cfase  I.,    .     266 

194.  Linville  Truss  Weighted 

with  an  Evenly  Distri- 
buted Load— Case  XL ,  .     269 


Chafteb  XV.— Bbace]>  Gibdebs  (coTi/imceef)— Bbaced  Gibdebs 
WITH  CuBVED  Flanges. 


195.  Different  Forms  of  Curved 

Gilders,        .  .    277 

196.  Calculation  of  Stresses  in 

Braced     Girders     with 
Curved  Flanges,    .        .     277 

197.  Bowstring  Girders,  .        .     277 


198.  Professor  Hitter's  Method 

of  Moments,  .  279 

199.  Bowstring    Girder    Uni- 

formly Loaded,     .        .    281 

200.  Fish-bellied  Girders,         .    286 


Chapteb  XVL— Cbames— Fbamewobk. 


SOL  Definition  of  a  Crane^ 

202.  Jib  Cranes, 

203.  External  Forces  on  Cranes, 
204b  stresses    on    Jib    Crane 

when  the  Effect  of  the 

Chain  is  not  considered, 

205.  Stresses    on    Jib    Crane 

when  the  Effect  of  the 


291 
291 
292 


293 


Chain  is  taken  into  Ac- 
count,  ....  294 

206.  Derrick  Crane,  .  299 

207.  Sheer  Legs,      ...  300* 

208.  Tripods,   ....  301 

209.  Cranes    with     Rolling 

Loads,  ....  301 

210.  Wharf  Crane,  ...  304 


Chapteb  XVIL— Abches. 


2L1.  Circumstances  which  Mo- 
dify Stresses  on  Arches,    307 

SUSL  Different  Forms  of  Metal 

Arches,  .        .     307 


213.  Linear    Arches — Line    of 

Pressures,  308 

214.  Different  Kinds  of  Strosses 

on  Arches,    .  .    31(K 


Digitized  by 


Google 


XVI 


CONTENTS. 


Art.  Page 

215.  Method  of  Loading  Arched 

Bibs,    ....    312 

216.  Braced  Iron  Arches,         .     312 
"fil?.  Braced  Arch  with  Single 

Load,    .        .        .        .313 


Art  n«o 

218.  Braced  Arch  Loaded  with 

a  Number  of  Weights,  .     314 

219.  Stresses    on    the    Braced 

Arch  by  the  Principle 

of  Moments, .        .        .     318 


Chapter  XVIII.— Roofs — Stresses  on  Roof  Trusses. 


1220.  Divisions  of  Roofing,        .  319 

221.  Main  Principals,       .         .  319 

222.  Simple    Forms    of    Roof 

Trusses,        ...  320 


223.  French  Truss,  . 

224.  Saw-tooth  Truss,      . 

225.  Curved  Roof  Trusses, 


335 
337 


Chapter  XIX.— Roofs  (coM^tnt(«<2)— Practical  Details. 


226.  Design  of  Roofs,  Dependent  239. 

on  Circumstances,         .  345  i 

227.  Loads  on  Roofs — Statical 

and  Dynamical  Loads, .  346    240. 

228.  Weight  of  Snow  on  Roofs,  347    241. 

229.  Wind  Pressure  on  Roofs,  347    242. 

230.  Rafters 349 

231.  Main  Tie-bars,  .        .  350    243. 

232.  Struts,      ....  350 

233.  Shoes  of  Principals, .        .  351    244. 

234.  Wind-Bracing.         .        .  362    245. 

235.  Roof  Trusses  with  Curved  q^a 

Rafters,         ...  352    ^' 

236.  Arched  Ribs,    ...  352    247. 

237.  Distance  a[)art  of  the  Prin-  248. 

cipals,  .  .        .353 

238.  Working  Stresses  on  Roof 

Trusses,        .        .        .  354 


Different  Kinds  of  Roof 
Coverings  —  Table  of 
Weights, 

Slates,      -        .         .        . 

Tiles— Pantiles, 

Corrugated  Iron  —  Table 
of  Weights,  &c.,  . 

Zinc  Covering — ^Table  of 
Weights,  &(3., 

Lead  Covering, 

Felt  Covering, . 

Glass,       .... 

Ventilation  of  Buildings, . 

Timber  Roofs— Table  of 
Scantlings  for  Different 
Spans,  .... 


354 
355 
356 

356 

360 


363 


Chapter  XX.— Deflection  of  Girders— Camber  of  Girders. 


249.  Causes  which  Influence  the 

Deflection  of  Girders,    .     365 

250.  Rules    for    Finding    the 

Deflection,    .        .        .366 

251.  Deflection  of  Solid  Beama,     368 


252.  Amount    of    Camber    in 

Girders,        .        .        .  370 

253.  Methods  of  Finding  the 

Ordinates  of  the  Curve,  371 

254.  Camber  in  Pkte Girders,.  372 

255.  Camber  in  Lattice  Girders,  373 


Chapter  XXI.— CoyiTEcnoNS — Rivetted  Joints — Proportion  of  Etes. 


256.  Different  Methods  of  Join- 

ing Plates  by  Rivets,    .  374 

257.  Rivets  in  Single  and 

Double  Shear,       .        .  375 

258.  ShearingStrengthofRivets,  376 

259.  Strength  of  Lap-Joints,    .  377 

260.  Proportion  of  Joints,        .  379 


261.  Double-Rivetted  Lap- 

joints,  ....     380 

262.  Butt-joints  with    Single 

Covers,         .        .        .     302 

263.  Bntt-Jointa  with  Doable 

Covers,         ...    382 


Digitized  by 


Google 


OONTBMn. 


XVU 


Art  FB«e 

264.  Joints  in  the  Fliuiges  of 

Girders,  .        .     386 

266.  Joints  in  a  Girder  Flange 

consisting  of  a  nnniber 

of  Plates,  ...  387 
266.  Method     of     Connecting 

Ban  by  Pins,  .     387 


Arc  Pses 

267.  Proportions  of  Eyes,        .    388 

268.  Rules   of  American    En- 

l^eers, ....    389 

269.  Gibs  and  Cotters,     .        .    390 

270.  Proportions  of  Cotters,  Ac,  391 


ChAPT£R  XXII.  — PUNCUINO^DHILUNO^RlVKTriXO. 


271.  Methods    of    PerforatiDg 

Plates,.        ...    392 

272.  Punching^Relatiye  Sizes 

of  Punches  and  Dies,    .    393 

273.  Weakening   Effect   of 

Punching  and  Drilling,     393 

274.  Punching     and     Drilling 

Mild  Steel,   .  .     .395 

275.  Increase  of  Strength  Due 

to  Perforation,  .     396 

276.  Strength  of   Riveto    in 

Punchetl    and     DriMed 
Holes,  ....     396 


277.  Different  Forms  of  Rivet- 

Heads,  .... 

278.  Methodsof  Forming  Rivet- 

Heads,. 

279.  Rivetting  by  Hand, . 

280.  Machine   Rivettiuff  — 

Steam  Rivetters —  Me- 
chanical Rivetters, 

281.  Hydraulic  Rivetters, 

282.  Pneumatic  Rivetters, 

283.  Pressure  Required  to 

Fonn  the  Rivet-Head,  . 

284.  Strenffth  of  Rivets  put  in 

by  Different  Machines, . 


396 

398 
399 


399 
400 

400 

401 


Chaftsr  XXin.— Bridges— VVobkino  Loads  and  Strbbsbs. 


287. 


290. 
291. 


294. 
295. 


Definition  of  Bridges,  Via- 
ducts, Aqueducts,  ftc, . 

Substructure  and  Super- 
structure, 

Particulars  Requisite  for 
Designing  a  Bridge, 

Dimensions  of  Bridges,     . 

Dimensions  relating  to 
Railway  Bridges,  . 

Loads  on  Bridges,    . 

Dead  Load  —  Roadway, 
Platform,  Main  Girders, 

Live  Load  upon  Public 
Road  Bridges, 

Live  Load  on  Railway 
Bridges— Table  of  Loads, 

Effect  of  Loads  in  Rapid 
Motion, 

Side  Pressure  on  Bridges, 


402 
403 

403 

405 

405 

405 

407 

407 

408 

411 
413 


296.  Centrifufi;al  Foroe,    .        .     413 

297.  Longituainal  Stresses  on 

Bridges— Effectof  Brakes,  414 

298.  Working  Stresses  on 

Bridges,  .414 

299.  Working  Stress  on  Cast- 

iron  Bridges — Board  of 
Trade  Rules,         .        .     415 

300.  Working    Stresses   on 

Wrought-Iron    Bridges 
—Board  of  Trade  Rules,    417 

301.  Shearing  Stresses  on  the 

Webs  of  Wrought  Iron 
Bridges,  .        .418 

302.  Working  Stresses  on  Steel 

Bridges— Boardof  Trade 
Rules,  .  .418 

303.  Working  Stresses  on  Tim- 

ber,      ...        .    419 


Chapteb  XXrV.— Bridgks  (co»i/inM«/)— Foundations  and  Piers. 


304.  Timber  Foundations. 

305.  Coffer-dams,     . 

306.  Cussons,  . 

307.  Iron  Piers, 
30a  Screw  Piles,     . 


419 
420 
420 
421 


309.  Method  of  Sinking  Screw 

Piles,    ....     422 

310.  Piers  composed  of  Screw 
Piles,    ....     423 


421  1311.  Cast-iron  Cylinders, 


423 


Digitized  by 


Google 


XVIU 


OONTENTB. 


Chapter  XXV.— Bbisoss  (oon^mtcecQ— Sufebstructubb. 


Art. 

312L  Different   Varieties   of 
Superstructures,  . 

313.  Cast-iron  Girder  Bridges, 

314.  Wrottffbt-Iron   and  Steel 

Girder  Bridees,     . 

315.  Flanges   or    Booms    of 

Girders, 
816.  Girders  made  of  Different 
Materials  in  Combiua- 
tion,      .... 

317.  Plate  Web  Girders, 

318.  Siiffeners  for  Web,  . 

319.  Rolled  Beams,. 

320.  Box  Girders,    . 

321.  Lattice  Girders, 

322.  Platforms  of  Bridges, 

323.  Method  of  Attaching  the 

Platform,      . 


Fkge 

424 
425 

426 

426 


427 
427 
428 
429 
429 
430 
430 

431 


Art 
324. 


PSflS 

431 


Different  kinds  of  Floors 
for  Bridges,  . 

325.  Distance  apart  of  Cross- 

Girders,  .        .     432 

326.  Intermediate  Bearers,       .     433 

327.  Timber  Flooring  for  Road- 

way,    ....     434 

328.  Iron  Flooring, ...    435 

329.  Strength  of  Wronght-Iron 

Flat  Road  Pktes,  .     436 

330.  Buckled  Plates,        .        .    437 

331.  Strength  of  Buckled  Plates,  439 

332.  Patent  Trough  and  Corru- 

gated Flooring,     .        .    439 

333.  Lindsay's  Patent  Troughs 

—Table  of  Sections,      .    439 


Chapter  XXVL— Bridges  (eon^inueci)— Suspension  Bridges. 


334.  Definition, 

335.  Chain  Uniformly  Loaded, 

336.  Method  of  Attaching  the 

Main    Chains   to    the 

Piers,  .... 
837.  Stresses    on    Suspending 

Rods,  .... 
338.  Suspension  Bridges  with 

Sloping  Rods— Dredge's 

System, 


443 
445 


446 

448 


448 


339.  Stresses  on  the  Horizontal 

Member,  .     449 

340.  Main  Chains,   .        .        .451 

341.  Advantages  of  Suspension 

Bridges,        ...     453 

342.  Disadvantages  of  Suspen- 

sion Bridges,  .     453 

343.  Stiffening  Suspension 

Bridges,        ...     454 


Chapter  XXVII.— Bridges  {continued)— Movable  Bridt^^s. 

of    Swing 


344.  Definition,        ...  456 

345.  Different  kinds  of  Movable 

Bridges,        ...  456 

346.  Bascules, ....  457 

347.  Swing  Bridges,         .        .  457 


348.  Classification 
Bridges,         .         .  T  468 

349.  Traversing  Bridges, .  .  459 

350.  Lifting  Bridges,  .  459 

351.  Pontoon  Bridges,      .  .  459 


Chapter  XXVIII.— Bridges  (oon^tnu^cf)— Weight  of  Bridges. 


352.  Importance  of  knowing 
Ajiproximate  Weight  of 
Bridee  before  making 
the  Design,  . 

358.  Weight  of  Girders  under 
2Q0  feet  span, 


459 
460 


354.  Weight  of  Railway  Bridges 

under  200  feet  span,     .    461 

355.  Lon^    Span     Railway 

Bridges — Relative  Eco- 
nomy of  different  Types,    461 


Digitized  by 


Google 


C0MTB1IT8. 


Chaffer  XXIX.— Wind  Pkbssube  on  Stbuotubxs. 


Art.  Pl«e 

356.  Lniwrtance  of  VYind-Pres- 

Bure  on  Stmctares,       .     463 

357.  Circumstances  which  In- 

fluence Wind-Pressare,     463 

358.  ReUtionship  between  the 

Velocity  and  Pressure  of 

the  Wind,     ...     464 


Art.  Pice 

359.  Influence     of    the     form 

of  a  Surface  as  affecting 

Wind-Pressure,    .        .  467 

360.  Wind-Bracing,                  .  467 

361.  Stresses  on  Braced  Piers,  467 


Chapter  XXX.— Lotino  Tackle— ERscnoN  of  Bridges,  ko. 

371.  Erection  of  Small  Bridges,  477 

372.  Erection  of  Large  Bridges,  477 

373.  Erection  upon  Staging,     .  478 

374.  Erection      by      Floating 
Girders,  .        .478 

375.  Erection  by  Protrusion  or 
Rolling  Over,                .  479 

376.  Erection  by  Overhanging 
or  Building  Out,   .        .  480 

377.  Cost  of  Erection,      .        .    481 

378.  Erection   of   Iron   Roofs 
and  Buildings,      .        .    481 


362.  Derricks 

470 

363.  Sheer  Legs,  Tripods,  and 

Scotch  Cranes,      . 

471 

364.  Ropes  and  Chains,   . 

471 

365.  Preserving  Ropes,    . 

366.  Chains -Close   Link   and 

473 

Studded  Link  Chains,  . 

473 

367.  Fatigue  of  Chains,    . 

473 

368.  Ultimate     Stress  — Proof 

Stress     and     Working 

Stress  on  Chains,  . 

474 

369.  Weight  of  Chains,    . 

475 

370.  DifferentSystemsof  Erect- 

ing Bridges,  . 

476 

Chaftkr  XXXI.— Engineers'  Specifications  ot  Iron  and 
Steel  Bridges. 


Manchester,  Sheffield,  and  Lin- 
colnshire Railway,                 .  483 
Cast-Iron  Work,      ...  483 
Wrought-lron  Work,                .  484 

Steel, 486 

Maintenance,   ....  486 


Lancashire  and  Yorkshire  Rail- 
way,       486 

Wroueht-lron  Work,       .        .  486 

Cast-iron  Work,      ...  487 

Steel, 488 


CflAiTER  XXXII.— Foundations  ot  Buildings, 


489 


APPENDIX. 

SscfTioNAii  Areas  op  Angle  Bars, 496 

WEiOBns  or  Steel  Angle  Bars, 497 

Weights  or  Steel  Flat  Bars, 493 

Weiobts  of  Wrouoht-Iron  Square  am>  Round  Bars,         .       .  499 

Wkghtb  ot  Ca0i-Iron  Pipes, SOO 

Index, 5^ 


Digitized  by 


Google 


LIST  OF   TABLES. 


TABLB  PAffli 

I.  Weight  of  materials, 8-10 

II.  Moduli  of  elasticity  of  different  materials,    ....  14 
in.  Ratios    between    ultimate   strength,   proof   strength,    and 

working  loads  of  different  materials,               .        .        .  18 

IV.  Wohler's  experiments  on  the  fatigae  of  iron  and  steel,  24 

V.                  Do.                           do.                       do.,                   .  24 

VI.  Strength  of  timber  (compressive  and  tensile),        ...  26 

Vn.  Major  Wade's  experiments  on  the  relative  strengths    of 

small  and  large  castings 29 

VIII.  Tensile  and  transverse  strengths  of  cast  iron,        ...  30 
IX.  Tensile  strength  of  wrought  iron — Average  results  of  587 

experiments  by  Mr.  Rirkaldy, 32 

X.  Strength  of  wrought  iron,  as  used  in  bridge- work,        .        .  33 
XI.  Experiments  on  shearing  i^Tought-iron  bars  with  parallel 

cutters, 35 

XIL  Coefficients  of  linear  expansion  by  heat,         ....  3 

XIII.  Strength  of  annealed  and  un-annealed  steel  plates,  40 

XIV.  Strength  of  steel  ingots  subjected  to  hydraulic  pressure  from 

test-pieces  cut  longitudinally, 41 

XV.  Strength  of  steel  ingots  subjected  to  hydraulic  pressure  from 

test- pieces  cut  transversely, 41 

XVI.  Supporting  forces  on  continuous  beams,        ....  65 
XVII.  Positive  and  negative  maximum  shearing   .stres-ses  on   the 
main  girders  of  a  railway  bridge  200  feet  span  during 

the  passage  of  a  train, 134 

XVIII.  Moduli  of  rupture  (/)  of  beams  of  different  sections  and  of 

different  materials, 164 

XIX.  Experiments  on  the  transverse  strength  of  square  bars  of 

cast  iron  broken  on  their  sides, 166 

XX.                      Do.                      do.                      do.,  166 


Digitized  by 


Google 


LIST  OF  TABLES.  XXI 

XABLB  PSIOK 

XXI.  Experiments  on  the  transverse  strength  of  square  bars 

of  cast  iron  broken  on  their  angle,        ....         167 
XXIL  Experiments  on  the  transverse  strength  of  cast-iron 

solid  cylindrical  bars, 167 

XXIII.  Do.  do.  do.,  168 

XXIV.  Experiments  on  the   transverse  strength  of  cast-iron 

beams  of  H-section, 168 

XXV.  Weights  and  strengths  of  rolled  joints  of  iron  and  steel,  186 

XXVI.  The  3-5th  power  of  different  numbers  (d3«),  .                  .  192 

XXVIL  The  l-63rd  power  of  different  numbers  (/»«),         .  193 
XXVnL  Breaking  weight  in  tons  per  square  iuch  of  solid  or 
hollow  cast-iron  columns,  the  ends  being  securely 

fixed,  by  Hodgkinson  and  Gordon's  rules,  202 
XXIX.  Values  of  the  square  of  the  radii  of  gyration  for  different 

sections, 204 

XXX.  Experiments  on  wrought-iron  hollow  cylindrical  columns,  208 
XXXI.  Average  results  of  Mr.  Christie's  tests  of  wrought-iron 

struts  of  angle  and  tee  sections,                                  .  211 
XXXLL  Average  results  of  Mr.  Christie's  tests  of  steel  struts  of 

angle  and  tee  sections,  the  ends  being  flat,                .  212 

XXXIIL  Stresses  on  Warren  girder  loaded  with  three  weights,  .  241 

XXXIIIa.      Do.                  do.            uniformly  loadedi                  .  1243 

XXXin6.     Do.                  do.                      do.,                     .        .  244 

XXXIV.        Do.                  do.                       do.,                     .        .  247 

XXXV.        Do.                  do.            loaded  with  three  weights,   .  249 
XXXVI.  stresses    on    the    diagonals    of   a  Warren    cantilever 

uniformly  loaded, 253 

XXXVU,  Stresses  on  the  flanges  of  a  Warren  cantilever  uni- 
formly loaded, 254 

XXXVIII.  Stresses  on  the  diagonals  and  flanges  of  a  Warren  canti- 
lever uniformly  loaded, 255 

XXXIX.  Stresses  on  the  diagonals  of  a  Warren  girder  with  ver- 
tical bracings, 257 

XL.  Stresses  on  lattice  girders  without  vertical  bracings,     .  261 

XLL                     Do.                    with               do.  261 
XLn.  Flange  stresses  on  Linville  truss  loaded  with  single 

weight  at  the  centre, 263 

XLTIL  Flange  stresses  on  Linville  truss  loaded  with  single 

weight  at  any  point, 264 


Digitized  by 


Google 


ZZli  LIST   OF  TABLES. 

TABU  PAQB 

XLIV.  Stresses  on  a  Linville  truss  loaded  with  a  single  weight,         265 
XLV.  Do,  do.  when  loaded  with  two  weights,        2ft5 

XLVI.  Stresses  on  a  Linville  truss  with  an  even  number  of 

bays,  and  loaded  uniformly, 268 

XLV II.  Stresses  on  a  Linville  truss  when  tlie  number  of  bays  is 

odd, 268 

XLVIII.  Stresses  on  a  Linville  truss  when  loaded  along  the 

bottom  flange, 270 

XLIX.  Stresses  on  a  Linville  truss  when  the  load  rests  on  the 

top  flange, 272 

L.  Stresses  on  a  Linville  truss  with  uniformly  distributed 

dead  and  rolling  loads,      .        .  .        .        274 

LI.  Maximum  stresses  on  a  Linville  truss  during  the  passage 

of  a  single  rolling  load, 275 

LII.  Stresses  on  bowstring  girder  with  single  load  resting  on 

the  middle  of  the  bottom  flange,       ....        279 
LIU.  Stresses  on  bowstring  girder  with  two  loads  resting  on 

the  bottom  flange, 281 

UV.  Stresses  on  the  flanges  of  a  bowstring  girder  loaded 

uniformly, 283 

LV.  Stresses  on  the  bracing  of  a  bowstring  girder  loaded 

uniformly, 283 

LVI.  Stresses  on  bowstring  girder  loaded  uniformly  with  live 

and  dead  loads, 285 

LVn.  Stresses  on  bowstring  girder  when  the  live  load  covers 

half  the  girder  only, 285 

LVIII.  Stresses  on  fish-bellied  girder  loaded  with  uniform  live 

and  dead  loads 287 

LIX.  Stresses  on  fish-bellied  girder  when  live  load  covers  half 

the  girder  only, 287 

LX.  Stresses  on  a  braced  curved  girder  loaded  with  a  single 

weight  at  its  centre, 290 

LXI.  Stresses  on  a  braced  curved  girder  nniformly  loaded,     .        291 

LXII.  Stresses  on  a  braced  crane, 306 

LXUI.  Stresses  on  a  braced  arch  for  a  central  load,  .        .        .        316 
LXIV.  Stresses  on  roof  truss  of  35  feet  span  loaded  nniformly,        323 
LXV.        Do.  do.         with  an    additional  load  on  the 

left  slope 324 


Digitized  by 


Google 


U8T  OF  TABLW.  tti« 

LXVI.  StresMA  on  roof  tmas  of  90  feet  span  nnifbrinly  loaded,  325 
Lav  11.       Do.            do.        50  feet  span,  loaded  nniformly  and 

I                abo  ezpoeed  to  wind-preesure,       ....  328 
LXvilI.  Stresses  on  cantilever  roof  truss  loaded  with  dead  load 

and  also  with  wind-pressnre,         ....  330 
LXIX.  Stresses  on  roof  truss,  45  feet  span,  loaded  uniformly, 

and  also  with  imow  on  one  slope 3vt2 

LXX.  Stresses  on  roof  truss,  35  feet  span,  loaded  uniformly,  333 
LXXI.                   Do.               50                  do.                         .334 
LXXII.                   Do.             loaded  with  snow  on  one  slope,   .  335 
LXXIII.  Stresses  on  French  truss,  70  feet  span,  loaded  uni- 
formly,    837 

LXXIV.  Stresses  on  saw-tooth  roof  truss,  20  feet  span,  loaded 

uuiformly, 338 

liXXV.  Stresses  on  composite  roof  truss, 339 

LXXVL  Stresses  on  howstring  roof  truss,  55  feet  span,     .  341 
LXXVII.  Stresses  on  curved  roof  truss,  100  feet  span,  loaded 

uniformly, 344 

LXXvill.  Stresses  on  curved  roof  truss  with  additional  loads,     .  344 

LXXIX  Weight  of  roof -principals  of  different  spans,  347 

LXXX.  Wind-pressure  on  roofs  of  different  slopes,  .        .  348 
LXXXL  Weights  of  different  materials  for  roof-coverings  with 

minimum  angles  of  slopes, 355 

LXXXn.  Sizes  and  weights  of  corrugated  sheeting  for  roof- 
covering,        358 

LXXXni.  Gauge  and  weight  of  zinc  sheets  for  roof-covering,       .  361 

LXXXPT".  Weights  per  square  of  zinc-coverinsj  for  roof,  362 
LXXXV.  Sizes  of  scantlings  for  timber  roof  tnisses  from  20  to 

30  feet  span, 364 

LXXXVT.  Sizes  of  scantlings  for  trasses  from  30  to  46  feet  span,  364 

LXXXVII.              Do.                         do.             46  to  60      do.,  365 

LXXXVin.  Proportions  of  eye-bars  (American  practice),       .        .  390 

LXXXIX.  Safe  working  stresses  in  cotters,  Ac,  ....  392 

XG.  Mr.   Parker's  experiments    on  punched  and  drilled 

wrought-iron  plates, 304 

XCI.  Strength  of  steel  rivets  put  in  by  different  machines,  .  401 

XCII.  Dimensions  relating  to  railway  bridges,  406 

XCni.  Weights  of  metalling  for  road  bridges.         ...  407 

XCIV.  Weight  and  distribution  of  railway  locomotives,         .  400 


Digitized  by 


Google 


XXIV  LIST  or  TABLKSL 

TABLE  PAOV 

XCV.  liwe  loads  per   lineal   fiwl  on  imtlway   bridges   of 

dilliBieiit  spMie  (Baker), 409 

XCVL                     Do.                      do.         (Bng^  practioe),  410 

XCVJI.                    Do.                      do.                         (Stooey),  411 

XCVIIL  Weight  of  flooring  in  railway  bridges,          ...  -131 
XCIX  Weight  of  cross-girders  and  rail-bearers  in  railway 

bridges, iSS 

C.  Weight,  strength,  and  cost  of  iron  flooring  for  bridges,  438 
CI.  Size,  weight,  and  strength  of  Lindsay's  steel  troughs 

for  flooring, 441 

on.  Relationship  between  the  velocity  and  the  pressure  of 

the  wind, 465 

Cni.  Strength  and  weight  of  hemp  ropes,     ....  472 

CIV.  Working  strength  and  weight  of  hemp  ropes,      .  472 

CV.  Strength  and  weight  of  chains, 475 

CVI.  Strength  and  w^eight  of  studded  link  cables,        •        ,  476 


Digitized  by 


Google 


DESIGN  OF  STEUCTUEES. 


CHAPTER  I 

STRESSES  AND  STRAINS. 

1.  Framed  Stractures. — ^A  framed  structure  in  wood,  iron,  or 
steel  is  generally  understood  to  be  an  assemblage  of  different 
members  composed  of  these  materials,  which  are  joined  together 
by  straps,  bolts,  pins,  or  rivets,  and  arranged  in  such  a  manner 
as  best  to  contribute  to  the  stability  of  the  structure  itself;  and 
of  such  form  and  dimensions  as  are  best  adapted  to  withstand 
the  various  stresses  and  strains  to  which  they  may  be  subjected 
from  the  application  of  external  loads  or  forces. 

This  is  a  definition  altogether  from  a  utilitarian  point  of  view. 
Other  considerations  from  an  aesthetic  standpoint  have  their 
weight  in  determining  the  best  form  of  a  structure ;  it  usually 
being  desirable  to  produce  something  which  shall  be  pleasing  to 
the  eye  and  in  harmony  with  the  surroundings. 

2.  The  constituent  parts  of  a  structure  have  various  names; 
but  so  far  as  the  kinds  of  stresses  produced  in  them  are  con- 
cerned, they  may  be  grouped  under  the  terms  beams,  struts^ 
and  ties,  or  some  combination  of  these. 

Some  of  the  more  common  forms  of  structures  are  girders, 
bridges,  roofs,  piers,  ships,  and  buildings  of  various  descriptions. 

When  a  structure  is  exposed  to  weights  or  loads,  stresses  are 
produced  in  its  different  constituent  members,  and  it  is  the 
province  of  the  engineer  to  determine  the  nature  and  intensity 
of  these  stresses,  and  so  to  arrange  and  proportion  the  members 
as  best  to  withstand  them,  due  regard  being  had  to  economy  and 
artistic  effect. 

3.  External  Loads  on  Stractures. — ^By  the  load  on  a  structure 
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2  8TBESSES  AND  STRAINS 

is  meant  all  the  external  forces  acting  npon  it.    These  in* 
elude : — 

(1)  The  weight  of  the  structure  itself,  which  is  a  constant  quan- 
tity, and  acts  vertically. 

(2)  In  bridges  and  similar  structures  they  include  the  weiglit 
of  the  roadway,  which  also  is  constant,  and  also  the  live  or  moving 
loads  coming  upon  them,  such  as  railway  trains,  vehicular  and 
pedestrian  traffic,  <bc.,  which  vary  in  amount.  All  these  forces 
act  vertically. 

(3)  Wind  pressure,  which  affects  all  exposed  structures.  This 
is  a  variable  force  acting  horizontally  or  nearly  so,  and  in  some 
cases  is  the  most  important  of  all  the  external  forces. 

4.  Stresses  and  Strains. — All  members  of  a  loaded  structure, 
except  those  inserted  for  ornament,  are  exposed  to  stresses  and 
strains.  These  two  terms  are  often  used  indiscriminately  as 
meaning  the  same  thing ;  strictly  speaking,  however,  this  is  not 
so,  and  in  this  work  each  term  will  (as  far  as  possible)  be  used 
in  its  proper  sense.  Generally  speaking,  they  represent  cause 
and  effect. 

A  strain  is  a  change  of  form.  When  an  external  force  acts 
upon  a  bar  of  any  material,  it  produces  in  it  a  change  of  form, 
no  matter  how  minute.  It  may  elongate  it,  or  shorten  it^  or 
bend  it.  This  change  of  form  is  termed  a  "  strain."  Strains 
may  be  temporary  or  permanent.  If,  after  the  force  be  removed, 
the  bar  regain  its  original  shape  and  dimensions,  the  strain  on 
its  fibres  will  only  be  temporary,  and  only  last  during  the  appli- 
cation of  the  force.  If,  on  the  other  hand,  the  bar  do  not 
regain  its  original  shape  and  dimensions  after  the  removal  of 
the  force,  it  is  said  to  be  permanentlj/  strained. 

By  a  stress  is  meant  the  internal  force  or  resistance  set  up  in 
the  fibres  of  the  bar  in  opposing  the  strain. 

The  stresses  in  materials  are  proportional  to  the  strains,  so 
long  as  there  is  no  permanent  alteration  in  the  form  of  the  body 
actea  upon. 

There  are  three  kinds  of  stresses  and  strains : — 

^1^  Compressive  or  positive  stresses  and  strains. 

f  2 )  Tensile  or  negaMve  stresses  and  strains. 

(3)  Shearing  stresses  and  strains. 

If  a  bar  of  any  material  be  acted  upon  by  two  eqtud  forces 
lulled  at  its  extremities,  and  acting  auoay  from  each  other  in 
the  direction  of  its  length,  it  becomes  extended,  and  the  strains 
produced  in  the  fibres  are  said  to  be  tensile  or  negative  strains. 

The  stresses  or  resistance  to  the  straining  action  on  the  fibrea 
are,  in  like  miEoiner,  termed  tensUe  or  negative  stresses. 
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If,  on  the  other  hand,  the  bar  be  acted  upon  by  two  equal 
forces  acting  towards  each  other,  it  becomes  shortened^  and  the 
strains  and  stresses  generated  are  termed  compressive  or  positive 
strains  and  stresses. 

A  tensile  stress  on  a  bar  liends  to  cause  its  failure  by  lengthen- 
ing and  ultimately  tearing  apart  its  fibres ;  a  compressive  stress 
induces  failure  by  shortening  and  ultimately  crus/iing  its  fibres ; 
and  a  shearing  stress  produces  failure  by  causing  one  part  to 
slide  across  the  other,  or  by  cuiting  it  across. 

Besides  these  three  kinds  of  stresses,  there  are  others  which 
are  frequently  to  be  met  with,  the  most  common  of  which  are 
transverse  or  bending  stresses  and  torsional  or  twisting  stresses, 
with  their  corresponding  strains ;  but  these  and  other  forms,  as 
will  subsequently  be  shown,  may  be  resolved  into  one  or  more  of 
the  three  elementary  forms  named. 

5.  Measurement  of  Stresses  and  Strains. — In  England  and 
where  English  standards  are  adopted,  a  stress  is  measured  by 
so  many  pounds,  cwts.,  or  tons.  A  unit  stress  is  usually  measured 
by  so  many  pounds,  cwts.,  or  tons  per  square  inch  of  sectional 
area  of  the  body  under  stress.  According  to  the  French 
standards  of  measurements, '  the  unit  of  stress  is  reckoned  as 
so  many  kilogrammes  per  square  centimetre.  If  the  stress  on 
a  bar  of  iron  2  inches  square  be  50  tons,  the  unit  stress,  or  stress 
per  square  inch,  will  be  12-5  tons.  The  corresponding  unit  stress 
in  French  measure  is  1,968  kilogrammes  per  square  centimetre. 

A  strain  is  usually  measured  in  inches  or  parts  of  an  inch.  A 
unit  strain  is  measured  in  parts  of  an  inch  per  lineal  foot  of  the 
bar  under  strain,  or  it  may  be  measured  as  so  much  per  ceut.  of 
the  length  of  the  bar.  If  a  bar  of  steel  2  feet  long,  under  a 
certain  tensile  stress,  be  lengthened  by  half  an  inch,  the  strain 
produced  is  equal  to  ^inch  per  foot,  or  2*08  per  cent,  of  th& 
length  of  the  bar. 

6.  Tensile  Stress. — Fig.  1  is  an  example  of  tensile  stress.  A 
bar,  a  5,  of  section  A  square  inches,  is  suspended  at  one 
extremity,  a ;  and  a  weight  of  W  tons  is  hung  from  the  other 
end,  h.  The  bar  under  these  conditions  is  said  to  be  subjected 
to  a  tensile  stress  of  W  tons  throughout  its  entire  length,  or  to 

W 

a  unit  stress  of  —r-  ton& 
A 

7.  Compressiye  Stress. — Fig.  2  is  an  example  of  compressive 
stress.  A  pillar  rests  on  the  ground,  and  a  weight  of  W  tons  rests 
on  the  top.  The  pillar  is  under  a  compressive  stress  of  W  tons, 
and  if  A  =  its  sectional  area  in  square  inches,  the  fibres  are 
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W 

subjected  to  a  compressive  stress  of        tons  per  square  inch 

throughout  its  entire  length. 

8.  Shearing  Stress. — Figs.  3  and  4  are  examples  of  shearing 
stresses.  Two  links  of  iron  or  steel  are  joined  together  by  a 
pin  of  the  same  material,  and  are  exposed  to  forces  of  W  tons 
acting  in  the  directions  of  the  arrows. 

In  both  cases  the  pin  is  subjected  to  a  shearing  stress.  In 
^g.  3  the  pin  is  exposed  to  a  siiigle  sheurinj?  stress  of  W  tons 
at  its  section,  a  6,  and  is  said  to  be  in  single  shear,  and  if 
A  =  number  of  square  inches  in  its  sectional  area,  the  shearing 

W 

stress  per  square  inch  on  the  pin  =  -j-  tons. 


Fig.  3. 


Fig.  2. 


Fig.  4. 


In  fig.  4  the  pin  is  exposed  to  a  double  shearing  stress  at  its 
sections,  a  6,  and  c  d,  and  is  said  to  be  in  double  sJiea/r.     The 

W 

shearing  stress  at    each   section   is  equal  to   -^  tons,  and  if 

A.  =  sectional  area  of  the  pin,  the  shearing  stress  per  square 

W 

inch  upon  it  =   --^  .     From  this  it  is  apparent  that  the  sectional 
L  Aj 

area  of  the  pin  in  tig.  4  need  only  be  one  half  of  that  in  fig.  3, 
in  order  to  be  of  equal  strength. 

9.  Transverse  S&ess. — Fig*  5  is  an  example  of  transverse  or 
bending  stresses.  The  beam,  A  B,  rests  on  two  supports  at 
A  and  B,  and  is  loaded  at  an  intermediate  point  by  a  weight, 
W  ;  the  beam  in  this  condition  is  said  to  be  exposed  to  a  bend- 
ing or  transverse  stress;  but,  as  will 
(yj\  be  shown  in  a  future  chapter,  the  fibres 

'      in  the  upper  portion  of  the  beam  are 

subjected  to  a  compressive  stress,  and 
those  in  the  lower  portion  to  a  tensile 
stress,    while    shearing     stresses    also 


i 


ii 


Fig.  6. 
come  into  operation  throughout  the  beam 
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10.  Torsional  or  twisting  stresses  do  not  often  occur  in  the 
members  of  structural  work ;  but  they  are  to  be  met  with  in  , 
the  shafting  of  machinery  of  all  descriptions.  , 

It  is  usually  assumed  that  the  stress  on  a  bar  is  uniformly 
distributed  over  the  whole  cross-section  of  the  bar.  This  is 
generally  true  as  regards  tensile  and  compressive  stresses  so 
long  as  the  bar  is  of  a  compact  form.  It  is  only  approximately 
true,  however,  when  applied  to  shearing  stresses,  and  the  form 
of  the  pin  or  bar  exposed  to  this  stress  has  something  to  do  with 
this  want  of  uniformity.  It  has  been  found  from  experiments 
that  the  maximum  intensity  of  shearing  stress  on  a  round  pin 
is  somewhat  greater  than  the  mean  intensity,  and  with  a  pin  of  a 
square  or  rectangular  section,  the  difference  is  greater  still.  For 
all  practical  purposes,  however,  it  may  be  assumed  that  the  stress 
is  uniformly  distributed  over  the  section.     This  being  so,  if 

/  =-  unit  stress,  or  number  of  lbs.  or  tons  per  square  inch 

of  section  of  the  bar. 
a  ^  number  of  square  inches  of  sectional  area  of  the  bar. 
F  =:  total  stress  in  lbs.  or  tons  on  the  bar. 

Then  F  =  a/    .         .         .         .     (1). 

Example  1. — If  the  ultimate  tensile  strength  of  mild  steel  be 
32  tons  per  square  inch,  what  force  will  be  necessary  to  tear 
asunder  a  bar  of  this  material  4  inches  in  diameter  1 

Here/  =  32  tons,  a  =  -r  x  (2)2  =  31416  x  4  =  12-56  sq.  ins. 

Substituting  these  values  of/ and  a  in  equation  (1),  we  get 

F=  32  X  12-56  =  402  tons, 

which  is  the  tensile  force  necessary  to  rupture  the  bar. 

Example  2. — ^What  force  will  crush  a  short  column  of  cast 
iron,  8  inches  in  external,  and  6  inches  internal  diameter,  the 
ultimate  compressive  strength  of  the  metal  being  40  tons  per 
square  inch  ? 

/  =  40. 

a  =  sectional  area  of  column  =  ^  {W^~(3)^}  =  22  sq.  inches. 
Required  force  F  =  22  x  40  =  880  tons. 

Example  3. — If  the  bars  shown  in  fig.  3  be  pulled  with  a 
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t)  STRESSES   AND   STRAINS. 

force  of  50  tons  acting  in  opposite  directions,  what  must  be  the 
diameter  of  the  pin  so  that  the  shearing  stress  on  it  may  be 
equal  to  10  tons  per  square  inch  ? 

Let  d  =  required  diameter. 
We  have  then  a  =  -7854  cP.    f  ^  10.     F  =  50. 

From  equation  (1)  we  have,  by  transposing, 
a  =  J,  or -7854^^2  =  ^g  =  5. 

cP  =  6*36,  or  c?  =  2*5  inches,  the  required  diameter. 

Example  4. — In  the  last  example,  if  the  pin  be  in  double  shear 
as  shown  in  ^g.  4,  what  must  be  its  diameter  in  order  to  fulfil 
the  same  conditions  % 

Using  the  same  notation  we  get 

a  =  2  X  -7854(^2. 

2  X  -7854  ci«  =  5,  orc^  =  3-18. 
£?  SB  1«79  inches. 

Example  5. — If  a  rectangular  tie-beam  of  oak,  6  inches  by  4 
inches,  be  subjected  to  a  tensile  stress  of  50  tons,  what  will  be 
the  stress  per  square  inch  exerted  on  its  fibres  % 

F  =  50.     a  =  6  X  4  =  24  sq.  inches. 

/  =  —  =  ^  =  2-08  tons  per  sq.  inch. 

Example  6. — ^A  bar  of  wrought  iron  of  any  uniform  section  is 
suspended  from  one  end,  and  hangs  vertically,  what  must  be 
its  length  so  as  to  break  by  its  own  weight,  the  ultimate  strength 
of  the  iron  being  20  tons  per  square  inch,  and  the  weight  of  a 
cubic  inch  being  0*28  lbs.  1 

Let  I  =  length  of  the  bar  in  feet 
a  =  its  section  in  square  inches. 

^Breaking  weight  of  )       gO  x  2240  x  a. 
the  barm  pounds  / 

Weight  of  bar  in  1        12  x  -28  x  a  x  Z  =  ZZ%al 
pounds  J 
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These  two  expreasions  must  be  equal  to  each  other,  or 

3*36  X  a  X  I  =  44,800  x  a. 
or  I  »  13,333  feet 

It  -will  be  seen  from  this  that  the  section  of  the  bar  does  not 
affect  the  length  nnder  the  conditions  stated. 

Example  7. — Two  round  steel  bars,  each  of  2  inches  diameter, 
are  joined  together  by  means  of  a  steel  pin  in  the  manner  shown 
in  fig.  4.  If  the  ultimate  strength  of  the  steel  to  resist  tension 
be  30  tons  per  square  inch,  and  its  ultimate  shearing  strength 
be  24  tons  per  square  inch,  what  must  be  the  diameter  of  the  pin 
so  as  to  be  equal  in  strength  to  the  bars  Y 

Let  d  =  required  diameter. 

Strengthof  pinto  resist)  ^  g  ^  34  x  -7854 i«  =  37-7 i« tons, 
shearing  J 

Tensile  strength  of  bars  =  30  x  -7854  x  {2f  =  94-248  tons. 

These  two  expressions,  according  to  the  conditions  of  the 
question,  must  be  equal  to  each  other,  or 

37 '7  d^  =  94-348, 
OTd=    1-58  inches, 

which  is  the  required  diameter  of  the  pin. 

11.  Long  Struts. —The  rule  embodied  in  the  formula  P  =  af, 
does  not  hold  when  applied  to  compressive  stresses,  if  the 
diameter  of  the  bar  or  column  is  small  in  proportion  to  its 
length.  Long  bars  when  subjected  to  a  compressive  stress  in 
the  direction  of  their  length  do  not  break  entirely  by  crushing. 
They  have  a  tendency  to  become  deflected  laterally,  and  to  bres^ 
partially  by  cross-fracture. 

This  happens  in  bars  made  of  iron  or  steel  when  the  length  of 
the  bar  is  more  than  five  times  its  diameter,  or  least  thickness; 
and  in  the  case  of  wood  when  the  proportion  exceeds  10  to  1. 

Members  of  this  kind  are  termed  "long  struts,"  and  their 
strengths  will  be  investigated  in  Chapter  XL 
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8TRE88B8  AND  8TRAINa 
TABLE  L— WnoHT  of  Matbriaub  {MoUsioorth). 


METAI& 

Spociflo 
gr»Tlty. 

Weight  of* 

Welffhtofa 
cnblofoot 

lbs. 

lbs. 

Copper,  cast,  .        .        .        , 

8-607 

0-310 

627-3 

Iron,  cast,  from,     . 

7-0 

0-252 

437  0 

„      „       to,        .        .        , 

7-6 

0-273 

474-4 

„      „    average, 

723 

0-26 

4510 

„    wrought,  from. 

7-6 

0-273 

474-4 

f>           »      to, 

7-8 

0-281 

486-9 

„           „       average, 

7-78 

0-28 

485-6 

Lead,  cast^     •        •        •       < 

11*36 

0-408 

708-6 

Meronty,        .... 

13-696 

0-491 

848-76 

Steel, 

8-0 

0-288 

4990 

Tin,  cast,        .... 

7-291 

0-262 

455-1 

Brass,  cast,     .... 

8-4 

0-30 

524-4 

Gnn-metal,  10  copper,  1  tin,  . 

8-464 

0-306 

528-36 

Timber. 

Ash,  from,      .       •       •       1 

0-69 

0025 

43-0 

„     to,          .        •       •       , 

0-76 

0027 

470 

Beech,  from,  .       # 

0-69 

0026 

430 

„      to,       .       . 

0-696 

0-025 

43-0 

Cork 

0-240 

0-008 

150. 

Deal,  Christiania,  . 

0-689 

0-025 

43-0 

Elm,  English,  from. 

0-653 

0-02 

34-0 

i>         »       to. 

0-579 

0021 

36-0 

„    Oanadian,       . 

0-726 

0-026 

45-0 
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WEIGHT  or  MATERIALS. 
TABLE  L— WnoHT  or  Matsriais  {Ccntinued), 


TiMiiKR  {Ccntinued), 

Spedflo 
giuTlty. 

Weight  of  a 
OQbio  inoh. 

WHghtofft 
cable  foot. 

llM. 

Iba. 

Fir,  Sprnce,    . 

0-612 

0018 

32-0 

Larch,  from,  . 

0-543 

0-019 

340 

„     to,       . 

0-556 

0-02 

350 

Oak,  African, 

0  988 

0-035 

62 -0 

,,  American,  red, 

0*850 

0-030 

63-0 

„        white. 

0779 

0-028 

490 

„  English,  from, 

0-777 

0*028 

480 

)f          >»       to. 

0-934 

0-034 

58-0 

Pine,  red,  from,      . 

0-576 

0*021 

36-0 

>»        fi     *o, 

0-667 

0024 

41-0 

„    white,  from, 

0-432 

0-016 

27-0 

»        f»      to. 

0-553 

0-020 

340 

Stones,  &c. 

Baaalt,  Scotch, 

2-96 

0-106 

184 

Chalk,  from,  . 

2-33 

0084 

145 

,.       to,      . 

262 

0-094 

162 

Granite,  Aberdeen, 

2*62 

0-095 

1G5 

Limestone,  Compact, 

2*68 

0093 

161 

Purbeck, 

2-6 

0-093 

1G2 

„          Blue  Lias, 

2-467 

0-089 

154 

Sandstone,  Arbroath  pavement, 

2*477 

0-089 

155 

„          Yorkshire  paying. 

2*61 

0-09 

167 

Slate,  Welsh,         .... 

2-88 

0104 

180 
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10  STRESSES  AND  ST&AIHa 

TABLE  L-^WxioKT  or  Matsrials  {Continued). 


Mtscbllaneous  Substances. 

Spedflo 

Weight  of  a 

Weight  of  a 
CQbTofoot 

Iba. 

IbB. 

Asphalte, 

2-6 

009 

166 

Briok,  oommon,  from,     , 

1-6 

0-057 

100 

»>            it        to. 

20 

0-072 

125 

„     London  stock, 

1-84 

0-066 

116 

„     red, 

216 

0-077 

134 

Cement,  Portland,  in  powder,  from. 

31 

0-05 

86 

>}             ft               »f             to. 

3166 

0-064 

94 

Clay,       . 

1-9 

0-068 

119 

Coal,  anthracite, 

1-53 

0-066 

96 

„    cannel. 

1-272 

0-046 

79 

Coke,      .        .        , 

0-744 

0-026 

46 

Earth,  from,  . 

1-62 

0-064 

77 

„       to,       . 

20 

0072 

126 

Glass,  iiint,     . 

3-078 

0111 

192 

Mortar,  from. 

1-38 

0-049 

86 

„       to, 

1-9 

0-068 

119 

Piteh,     . 

116 

0O41 

69 

Sand,  quartz. 

2-76 

0-099 

171 

„     river, 

1-88 

0-67 

117 
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CHAPTER    11. 

ELAfiPnCITT  AHD   FATIGUE   OF  MATERIALS. 

12.  Elasticity. — ^There  are  other  properties  of  materials  which 
make  them  valuable  for  structures  besides  their  tensile,  com- 
pressive, and  shearing  strengths.  One  of  the  principal  of  these 
is  elasticity. 

Elcuiicily  is  the  term  applied  to  that  property  which  materials 
possess  of  returning  to  their  original  size  and  shape  after  they 
have  been  strained;  and  a  material  is  said  to  be  elastic  if  the 
strain  disappears  afber  the  stress  has  been  removed. 

When  a  gradually-increasing  tensile  stress  is  applied  to  a  bar 
of  iron,  steel,  or  other  material,  it  becomes  elongated  or  stretched, 
and  the  amount  of  this  elongation,  or  iricrenient  of  length,  within 
cei*tain  limits,  is  proportional  to  the  stress  applied.  The  same 
law  holds  good  if  the  bar  is  subjected  to  a  compressive  stress. 
In  this  latter  case  the  bar  is  shortened,  and  the  amount  of 
shortening,  or  decrement  of  length,  is  proportional  to  the  stress 
within  the  limits  named.  This  principle  is  known  as  Hookers 
law  of  vmiform  elastic  reaction,  or  the  law  of  elastidtyy  to  which 
the  discoverer  applied  the  Latin  phrase  '^  TJt  tengio  sic  vis" 

The  truth  of  this  law  has  been  proved  by  more  than  one 
experimenter.  The  Jate  Mr.  Hodgkinson  instituted  an  elaborate 
series  of  experiments  on  cast  and  wrought  iron,  subjecting  these 
materials  both  to  compressive  and  tensile  stresses,  and  the 
results  he  obtained  practically  prove  the  truth  of  the  above  law, 
80  far  as  these  materials  are  concerned. 

13.  LimitB  of  Elasticity.—The  limits  of  stress,  between  which 
bodies  are  elastic,  are  termed  their  limits  of  elasticity.  The  range 
of  these  limits  is  very  much  greater  in  some  materials  than  in 
others.  Lead,  for  example,  has  little  or  no  elasticity.  If  it  be 
strained  to  any  appreciable  extent,  it  will  be  found  that  when 
the  stress  which  produces  the  strain  is  removed,  the  strain  itself 
does  not  suffer  any  appreciable  diminution.  Lead,  therefore, 
may  be  called  a  nortrelastic  substance.  On  the  other  hand,  glass 
is  very  elastic.  If  it  be  strained  just  up  to  its  breaking-point, 
when  the  stress  is  removed,  it  regains  its  original  dimensions. 
Iron  and  steel  occupy  a  position  intermediate  between  lead  and 
glass  as  regards  their  elasticity.  They  are  elastic,  or  nearly  so, 
up  to  about  one-half  of  their  ultimate  strength.    When  a  body 
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12  BLA8TICITT  AITD   FATIOUB  COP  MATERIALS. 

under  stress  passes  its  elastic  limit,  the  increments  or  decrements 
of  length  increase  at  a  much  more  rapid  rate  until  finally  rupture 
takes  placa 

14.  Elasticity  a  Measure  of  Strength. — ^The  elasticity  of  a 
material  as  used  in  a  structure  is  a  very  important  measure  of  its 
quality,  even  more  so  than  its  ultimate  compressive  or  tensile 
strength. 

15.  Modulus  of  Elasticity 

Let  L  =  length  of  a  bar  in  inches ; 

P  =  stress  applied  to  it  in  tons  per  square  inch ; 
/  =  increment  or  decrement  of  length  in  inches  arising 
from  the  stress  P. 

From  Ilooke's  law,  when  P  varies,  I  will  vary  in  the  same  pro- 

P  X  L 
portion,  so  that  the  expression  — j —  is  a  constant  quantity  for 

all  values  of  P  within  the  elastic  limits  of  the  material.  This 
expression  is  termed  the  modulus  of  elaaticUy  of  the  material, 
and  is  usually  represented  by  the  symbol  K  Consequently  we 
have 

E=^^ .  .  .  .  (1). 

In  this  equation,  if  we  put  L  =  ^,  we  get  E  =  P,  so  that  the 
modulus  of  elasticity  may  also  be  defined  as  that  tensile  force  in 
tons  per  square  inch  which,  if  applied  to  a  bar,  will  double  its 
length,  on  the  assumption  that  the  material  is  perfectly  elastic 
up  to  this  point.  Of  course,  it  is  unnecessary  to  remark  that  no 
structural  material  with  which  we  are  acquainted  fulfils  this 
condition. 

16.  Methods  of  Determining  the  Modulus  of  Elasticity. — ^The 
modulus  of  elasticity  may  be  determined  without  much  difficulty 
for  different  materials  in  three  difierent  ways : — 

(1)  By  exposing  a  bar  of  the  material  to  a  direct  compressive 
stress,  and  observing  the  decrement  of  length. 

(2)  By  exposing  the  bar  to  a  direct  tensile  stress,  and  observing 
the  increment  of  length. 

(3)  By  exposing  a  beam  of  the  material  to  a  transverse  stress^ 
and  observing  the  deflection. 

The  modulus,  as  determined  by  these  three  methods,  is  some<- 
times  different.  It  has  been  found  for  most  materials  that  the 
compressive  modulus  is  different  from  the  tensile  modulus,  and 
that  found  by  transverse  stress  di£ferent  from  both.     For  wroughjb 
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iron  and  cast  iron  the  tensile  modulus  is  greater  than  the  com- 
pressive modulus,  which  shows  that  these  materials  yield  more 
to  compression  than  extension. 

The  moduli,  as  found  by  the  first  and  second  methods,  are 
calculated  bj  the  aid  of  equation  (1). 

As  an  illustration,  suppose  we  take  a  bar  of  wrought  iron, 
20  feet  long  and  1  square  inch  in  section,  and  expose  it  to  a 
tensile  stress  of  1  ton,  it  will  be  found  to  be  elongated  hy  about 
■Af  part  of  an  inch.  We  have  here  all  the  data  necessary  for 
determining  the  tensile  modulus  of  elasticity  of  the  iron. 

L  =  20  X  12  =  240  inches.     I  =  -02  inches.     P  =  1  ton. 

Substituting  these  values  in  equation  (1)  we  get 

E  =  ^Q2~  =  -^^'^^^  ^^' 

No  two  bars  of  the  same  material  will  give  precisely  the  same 
results.  This  is  not  to  be  wondered  at,  considering  that  the 
least  irregularity  or  flaw  in*  the  fibres,  or  even  the  manner  in 
which  the  stress  is  applied,  will  vary  the  result  considerably. 

The  following  is  the  method  of  finding  the  modulus  of  elasticity 
by  transverse  stress.  Take  a  rectangular  beam  of  the  material. 
And  lay  it  on  two  supports,  and  load  it  at  the  centre. 

Let  I  ~  span  of  the  beam  in  inches. 
b  =  breadth  of  beam  in  inches. 
d   s=  depth  „  „ 

W  =  weight  in  lbs.  applied  at  the  centre. 
d    =  central  deflection  of  the  beam  in  inches. 
E  =  modulus  of  elasticity  in  lbs. 

We  have  the  following  expression  for  determining  E — 

^""Jft^a  .      '      *      .      (2). 

This  rule  assumes  that  the  material  in  the  top  of  the  beam  is 
compressed  by  the  same  amount  that  it  is  extended  at  the 
bottom,  or  that  E  is  the  same  for  compression  as  for  tension. 

17.  Deflection  of  Beams. — From  equation  (2)  the  central  de- 
flection of  rectangular  bars  or  beams  of  different  materials  by  a 
central  load  may  be  determined,  when  the  modulus  of  elasticity 
is  known. 
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We  get  by  transposing 


d  = 


WZ» 


(3). 


TABLE  II.— Modulus  of  Elasticity. 


E   =  modulus  of  elasticity  in  tons ;  one  inch  being  the  unit  of  area. 

W  =  weight  in  tons  each  square  inch  will  bear  without  producing  a 

perceptible  permanent  set. 


E. 

w. 

Cast  iron,  average,    .... 

6,250 

6-8 

11,000 

... 

„             „      across      „ 

12,000 

... 

„         average,      . 

11,600 

9-5 

„         bars, 

13,000 

10-6 

Mild  steel, 

13,200 

16-0 

Cast  steel,  tempered, 

16,000 

29-0 

Ash, 

732 

1-7 

Beech, 

600 

1-4 

Ehn,         .... 

500 

1-3 

Oak, 

650  to  800 

1-8 

Eedpine, 

800 

2-0 

Example  1. — A  rectangular  bar  of  wrougbt  iron,  3  inches 
wide  by  4  inches  deep,  rests  on  two  supports  6  feet  apart. 
What  will  be  the  deflection  of.  the  bar  if  a  load  of  1 J  tons  be 
bung  from  the  centre^  the  modulus  of  elasticity  of  the  iron  being 
12,000  tons  1 

Here  we  have 

6  =  3".    d=:^\    /  «  ir.    W  =  1-5  tons.    E  =  12,000  tons* 
Substituting  in  equation  (3),  we  get  the  deflection— 
1-5  X  (72)8 


d  = 


4  X  12,000  X  3  X  (4)» 


=  0-06  incL 
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Example  2. — It  was  found  bj  experiment  that  a  beam  of  oak, 
12  inches  wide  by  10  inches  deep,  placed  on  two  supports  16  feet 
8  inches  apart,  and  loaded  with  '2  tons  at  the  centre,  deflected 
-045  inch.     What  is  the  modulus  of  elasticity  of  the  oaJc  ? 

W  =  2.     1  =  200^     h  =  12^     d  =  10".     a  =  0-45. 

Substitute  in  equation  (2),  and  we  find  the  required  modulus — 

„  2  X  (200)8  _^^ 

E  =  ' rs — ^Ycd, Tk  =  740  tons. 

4  X   12  X  (10)*  X  '45 

Knowing  the  value  of  E  for  different  materials,  it  is^  an  easy 
matter  to  calculate  the  amount  of  elongation  or  contraction  of 
a  bar  of  any  length  and  section,  when  acted  upon  by  any 
longitudinal  stress  within  the  limits  of  elasticity,  without  going 
to  the  trouble  of  actually  testing  it. 

Let  K  =  section  of  the  bar  in  square  inches,  equation  (1)  then 
becomes 

>«-z-^     •    ■    ■    w 

From  this  we  get 

'-rA     •     •     •     » 

Example  3. — By  how  much  will  a  tensile  stress  of  30  tons 
lengthen  a  round  bar  of  steel,  2  inches  in  diameter  and  20  feet 
long,  the  modulus  of  elasticity  of  steel  being  13,000  tons  ? 

!EVom  equation  (5)  we  have 

-  30  X   20  X   12  r..na'      V. 

^  =  3-1416  X  13,000  -  ^'^^^  '^'^' 

Example  4. — If  a  scantling  of  beech  2  inches  square  and 
10  feet  long  be  strained  ^  inch  by  a  force  of  10  tons,  what  is 
the  modulus  of  elasticity  of  the  beech  ? 

^      P  X  L      10  X  10  X  12      ^^^  ^ 

B  =  ^ J  =  3 = =  600  tons. 

K  X  «  4  X  -5 

It  will  be  seen  from  equation  (5)  that  the  greater  the  modulus 
of  elasticity,  the  less  will  be  the  extension  or  compression  of  the 
material  for  a  given  stress,  and  vice  versd.  The  modulus  for 
cast  iron  being  considerably  less  than  that  of  wrought  iron  or 
8teel|  it  follows  that  bars  of  this  material  will  extend  or  contract 
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more  tlian  those  of  wrought  iron  or  steel  for  the  same  stress. 
This  explains  why  a  cast-iron  girder  of  given  span  and  depth 
will  deflect  more  under  a  load  than  a  similar  girder  of  wrought 
iron  or  steel.  For  the  same  reason  timber  beams  deflect  more 
than  those  of  iron  under  similar  conditions. 

18.  Set. — ^When  a  bar  of  iron  is  put  into  a  testing-machine,  and 
exposed  to  a  stress,  it  becomes  elongated  or  shortened,  according 
to  the  nature  of  the  stress  as  already  explained.  When  the 
stress  is  removed  the  bar  returns  to  its  original  length  if  it  be 
not  strained  beyond  its  elastic  limit.  If  the  bar  be  further 
strained  by  a  stress  beyond  its  elastic  limit,  then,  when  the 
stress  is  removed,  the  bar  tends  to  regain  its  original  length, 
but  does  not  quite  do  so.  In  this  case  the  elasticity  of  the 
material  is  said  to  be  destroyed.  The  amount  of  the  temporary 
extension  or  contraction  of  the  bar  in  the  flrst  case  is  sometimes 
called  its  temporary  set  for  the  particular  stress  which  produces 
it.  The  amount  of  the  permanent  extension  or  contraction  in 
the  second  case  is  termed  its  permanent  set^  or  simply  "  set" 

Strictly  speaking,  any  stress,  however  small,  produces  a  per- 
manent set,  but  its  amount  is  so  minute,  until  the  limit  of 
elasticity  is  reached,  that  practically  it  may  be  ignored. 

With  wrought  iron  the  limit  of  elasticity  is  usually  reached 
when  the  stress  is  from  10  to  12  tons  per  square  inch.  In  good 
qualities  of  mild  steel  it  is  not  reached  until  the  stress  is  from 
18  to  20  tons.  In  other  substances,  such  as  glass,  there  is  no 
-appreciable  permanent  set  whatever,  such  substances  being 
elastic  up  to  their  breaking  point. 

No  member  of  a  structure  should  on  any  account  be  strained 
beyond  its  limit  of  elasticity,  for  in  such  case  not  only  will  the 
strength  of  such  a  member  be  permanently  impaired,  but,  on 
account  of  its  permanent  alteration  in  length,  additional  stresses 
will  be  thrown  on  adjacent  members,  which  they  are  not  designed 
to  sustain. 

It  will  be  readily  seen,  from  what  has  been  said,  that  it  is  not 
advisable  to  have  members  of  the  same  framed  structure  made 
of  different  materials  when  there  is  much  difference  between 
their  moduli  of  elasticity,  as,  for  example,  in  the  case  of  a 
timber-beam  trussed  with  iron  or  steel  tension  bars.  Here, 
owing  to  the  difference  of  contraction  and  extension  between  the 
'wood  and  the  iron,  it  is  difficult  or  impossible  to  calculate  with 
any  degree  of  exactness  the  amount  of  stress  on  the  different 
members. 

19.  Ultimate  Strength— Working  Load— Factor  of  Safety.— The 
tilUmate  strength  of  a  material,  is  the  direct  stress  which  pro- 
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duces  rupture.  This  is  reckoned  usually  as  so  many  tons  per 
square  inch  of  the  section  of  the  material.  It  is  always  under- 
stood that  the  section  taken  is  the  original  section  of  the  bar, 
and  not  that  at  the  point  of  fracture  after  the  bar  has  been 
ruptured. 

When  a  bar  of  iron  or  steel  is  strained  to  the  point  of  fracture 
by  a  tensile  stress,  the  area  of  the  section  where  fracture  takes 
place  is  considerably  contracted,  often  to  the  extent  of  20  per 
cent,  or  even  more  of  its  original  area.  If  a  bar  of  4  square 
inches  of  sectional  area  break  with  a  tensile  stress  of  84  tons, 
lind  the  area  at  the  point  of  fracture  be  found  to  be  3  square 
inches,  then  the  stress  per  square  inch  of  fractured  area  is 

-^  s  28  tons,  while  that  of  the  original  section  is  -j-  =  21  tons. 

The  strength  of  the  bar  is  measured  by  the  latter  quantity,  and 
not  by  the  former,  and  it  is  said  to  be  equal  to  21  tons  per 
square  inch. 

The  working  stress  on  a  member  of  a  structure  is  the  maximum 
stress  to  which  it  is  subjected  in  actual  practice.  The  ratio  of 
the  ultimate  strength  to  the  working  stress  is  termed  the 
Jaclor  of  sqfetf/  of  the  material.  ..  In  order  to  determine  the 
proper  value  of  this  factor,  a  number  of  considerations  must  be 
taken  into  account  A  great  deal  depends  on  the  character  of 
the  working  load. 

1st.  The  load  may  be  a  constant  dead  load — a  dead  load  being 
one  which  is  steady  and  produces  no  vibration. 

2nd.  The  load  may  be  a  live  load,  or  rolling  load,  such  as  a 
crowd  of  people,  or  a  railway  train  or  waggon  passing  over 
&  bridge. 

3rd.  There  are  cases  of  intermittent  loads,  or  loads  which 
are  repeatedly  or  suddenly  laid  on  or  taken  off  again,  examples 
of  which  occur  in  cranes. 

The  loads  coming  on  all  structures  may  be  referred  to  one 
or  more  of  these  three  different  kinds.  Most  structures  with 
which  the  engineer  has  to  do  are  exposed  to  the  first  two.  All 
bridges,  for  example,  have  to  support  a  dead  load,  consisting 
of  the  weight  of  the  bridge  itself  as  well  as  the  ballast  and 
metalling;  they  have  also  to  support  a  live  load,  consisting  of 
the  ordinary  traffic  passing  over  them.  Roofs  are  also  exposed 
to  these  two  kinds  of  loads,  the  first  including  the  weight  of 
the  framework  of  the  roof  along  with  its  covering,  and  the 
second  consisting  of  wind  pressure. 

20.  Value  of  ue  Factor  of  Safety. — The  factor  of  safety  varies, 
or  ought  to  vary,  with  the  nature  of  the  working  load.    For  ik 
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tErtamcture  like  a  crane,  wholly  exposed  to  varying  and  jerky 
loads,  it  ought  to  be  higher  than  in  a  structure  like  a  bridge, 
or  a  roof,  where  the  working  load  is  made  up  of  a  dead  and  a 
live  load;  and  still  higher  than  in  the  case  of  girders  which 
support  the  walls  and  floors  of  a  warehouse. 

In  fixing  the  factor  of  safety,  another  consideration  must  be 
taken  into  account,  and  that  is  the  nature  of  the  material  itself. 
Some  materials  are  more  reliable  than  others;  for  example^ 
wrought  iron  and  steel  are  more  reliable  than  cast  iron. 

Some  engineers  prefer  to  teike  the  elastic  limit  of  the  material, 
instead  of  its  ultimate  strength,  as  the  basis  for  fixing  its  factor 
of  safety,  and  perhaps  this  is  the  more  intelligent  method. 
Experiments  made  by  the  late  Sir  Wm.  Fairbaim,  and  more 
recently  by  Wohler,  confirm  this  view.  This  subject  is  more 
fiilly  treated  in  the  chapter  on  Bridges. 

21.  Proof  Strength. — Girders,  bridges,  and  other  structures 
are  often  proved  by  testing  them  before  they  are  used  for  the 
purposes  for  which  they  are  intended.  The  proof  load  may  be 
a  multiple  of  the  breaking  load  or  of  the  working  load.     The 

TABLE  III.  {Banhme). 


Xnt.  strength. 

Ult.  strength. 

Proof  Strength. 

Proof  StroDgth. 

Working  Load. 

Woridng  Load. 

StroDgest  steel,      •        . 

li 

... 

... 

Ordinary  steel  and    wronghtl 
iron,  steady  load,      .          J 

2 

3 

u 

Ordinary  steel  and  wrought  1 
iron,  moving  load,    .          j 

2 

4  to6 

2  to  3 

Wronghtironrivettedstractiires, 

3 

6 

2 

Cast  iron,  steady  load,   . 

2to3 

8  to  4 

about  1^ 

„        moving  load. 

3 

6  to  8 

2  to  2i 

Timber;  average,  • 

3 

10 

3i 

Stone  and  brick,     . 

about  2 

\  4tol0:  ) 
}  av.  ab.  8  J 

av.  about  4 

proof  load  of  a  bridge  is  taken  to  be  equal  to  the  greatest  load 
which  can  possibly  come  on  it.     In  testing  girders,  whether  of 
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iron  or  steel,  the  proof  load  is  nsnally  somewhat  more  than 
this.  Cases  have  been  known  when  it  has  been  taken  as 
high  as  one-half  the  breaking  load,  but  this  should  not  be 
allowed,  as  at  this  point  the  limit  of  elasticity  of  the  material 
may  be  reached  or  even  exceeded,  and  a  permanent  set  and 
injury  to  the  material  may  be  produced.  Some  parts  of  a  struc- 
ture, such,  for  example,  as  the  links  of  a  suspension  bridge, 
may  be  exposed  to  a  proof  stress  as  high  as  once  and  a-half  their 
maximum  working  stress. 

The  foregoing  table,  drawn  up  by  the  late  Prof.  Bankine, 
gives  (1)  the  ratios  between  the  ultimate  strength  and  the  proof 
strength ;  (2)  the  ultimate  strength  and  the  working  load ;  and 
(3)  the  proof  strength  and  the  working  load  of  different  materials 
exposed  to  different  kinds  of  loads. 

22.  Resilience* — When  a  bar  is  strained  either  by  a  compres- 
sive or  tensile  force,  within  the  elastic  limits,  the  quantity  of 
work  done  in  extending  or  compressing  it  is  equal  to  the  amount 
of  compression  or  extension  multiplied  by  the  mean  stress  which 
produces  it.  The  term  "resilience"  is  used  to  specify  the  amount 
of  work  thus  done,  when  the  stress  just  reaches  the  elastic  limit. 

Hesilience  may  also  be  defined  to  be  half  Hie  product  of  the 
stress  into  tlie  siraitiy  where  the  stress  and  the  strain  are  those 
produced  when  the  elastic  limit  is  reached. 

Let  W  «  stress  in  pounds  applied  to  a  bar  so  as  to  strain  it 
just  up  to  its  elastic  limit. 
I  =  elongation  of  the  bar  in  feet  due  to  the  stress  W. 
R  =s  resilience  of  the  bar. 

then  K  =  ^  W  Z  foot-pounds         .        .         (6). 

The  energy  thus  exerted  is  stored  up  in  the  stretched  bar,  and 
if  the  stress  be  gradually  removed,  the  bar  recovers  its  normal 
length,  and  the  energy  is  recovered. 

The  work  done  in  stretching  a  bar  may  be  expressed  in  a 
different  form.     Thus — 

Let  a  =3  section  of  the  bar  in  square  inches ; 

P  =  stress  applied  in  tons  per  square  inch. 

Then  W  =  P  a. 

P  Li 
From  equation  (1)  we  get  I  =  -_,-. 

Substituting  these  values  of  W  and  I  in  equation  (6)  we  get 
work  done  in  extending  the  bar  by  the  length  /,  equal  to 
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Pa 

PL 

~  E 

aL 
"^    2 

= 

P* 
E 

X  ^  volume  of  bar, 

20 


(7) 

since  alt  =  volume  of  the  bar. 

It  follows  from  this,  that  the  work  required  to  produce  a  given 
stress  on  the  bar  is  directly  proportional  to  the  square  of  the 
stress  and  to  the  volume  or  weight  of  the  bar,  and  inversely 
proportional  to  the  modulus  of  elasticity  of  the  material  com- 
posing the  bar. 

If  F  =  stress  per  square  inch  on  the  bar  when  its  limit  of 
elasticity  is  reached,  we  get  P  =  F,  and  the  resilience  of  the  bar, 
er  the  greatest  amount  of  work  that  can  be  done  on  the  bar 
without  injury  to  its  elasticity,  may  be  expressed  by 

-J      F2      volume  ,ox 

R  =  ^  X  — 2 —    •        •        •        ^^' 

F* 
The  quantity  ■=-  is  called  the  modulus  of  resilience. 

Example  5. — A  bar,  1  inch  square,  is  found  to  extend  ^^  inch 
with  a  stress  of  9  tons.  Determine  the  work  done  in  producing 
the  extension  in  foot-pounds. 

TTT    1    -I            i  X  9  X  2240  X  tV       cft  e  i.    ^  J 

Work  done  =  ^ =^ ^2.  =  52-5  foot-pounds. 

Example  6. — A  round  bar  of  steel  10  feet  long  and  3  inches  in 
diameter,  is  exposed  to  a  tensile  stress  of  100  tons.  Determine 
the  number  of  foot-pounds  developed  in  the  bar,  the  modulus  of 
elasticity  of  steel  being  13,000  tons. 

The  work  done  may  be  calculated  from  equation  (6)  by  making 
W  =  100  tons  =  224,000  lbs.  and  I  =  extension  in  feet  produced 
by  the  weight  of  100  tons. 

We  must  first  find  I  by  means  of  equation  (1). 

a  =  sectional  area  of  bar  =  -7854  x  (3)2  »  7-0686  sq.  ins. 
P  =  stress  in  tons  per  sq.  in.  =  -q^^^^  =  14-15  tons. 
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Prom  eqaation  (1) 

^~   E    ""      13,000      -O-^l^^*^*- 
.-.  work  done  »  ^  x  224,000  x  0*0109  »  1,220  foot-poonds. 
The  resnlt  may  also  be  arrived  at  from  eqaation  (7). 

Work  done  =  -=-  x  J  volume  of  bar 

(14-15)2                 7-0686  X  10      ,  „«^  -    ^  , 

=  13000  ^    '        ^ 2 ^    '        foot-pounds. 

Example  7. — If,  in  the  last  example,  a  weight  of  120  tons 
strains  the  bar  to  the  limit  of  its  elasticity ;  find  the  modulus 
of  resilience. 

With  a  stress  of  120  tons  on  the  bar,  the  stress  per  square  inch 

^  =  7-W=^^*^^- 

F*       (17)8 
Modulus  of  resilience  =  =pr  =  tVaaa^  2,240  =  49-8  inch-lb.-units. 

28.  Fatigue  of  Materials.— When  a  load  is  suddenly  applied  to 
a  girder,  it  produces  a  momentary  deflection  much  greater  than 
tlmt  which  would  be  produced  by  the  same  load  at  rest.  In  the 
same  way,  if  we  take  a  bar  of  wrought  iron,  whose  ultimate 
tensile  strength  is  equal  to  20  tons  per  square  inch,  and  apply  a 
much  less  tensile  load  suddenly,  and  very  often,  so  as  to  produce 
elastic  vibrations  in  the  bar,  it  will  be  found  that  this  load, 
though  much  less  than  the  statical  breaking  load  of  the  bar,  will, 
after  a  certain  number  of  applications,  produce  rupture.  If  a 
load  of  12  tons  per  square  inch,  or  little  over  half  the  breaking 
load  of  the  bar,  for  example,  be  applied,  it  will  not  produce 
rupture  at  the  first  application,  nor  even  when  it  has  been 
applied  a  thousand  times ;  but  in  the  long  run,  if  the  number  of 
applications  be  sufficiently  numerous,  and  suddenly  imposed,  the 
bar  will  fidL 

This  deterioration  produced  in  the  fibres  of  a  bar  by  repeated 
applications  of  the  load,  is  known  as  the  fatigue  of  the  material. 

This  tendency  to  fracture  is  increased  if  the  bar  be  subjected 
alternately  to  both  compressive  and  tensile  strains. 


Digitized  by 


Google 


22  ELASTICITY  AND   FATIGUE   OF  MATERIALS. 

It  becomes,  therefore,  a  very  important  question  to  determine 
to  what  extent  the  strength  of  a  structure  as  a  whole,  or  of  its 
individual  members  is  affected  by  vibratory  action. 

This  subject,  as  stated,  has  been  investigated  by  the  late 
Sir  Wm.  Fairbaim,  and  more  recently  and  exhaustively  by 
Wohler.  It  is  generally  understood  that  when  wrought  iron, 
even  of  the  toughest  and  most  fibrous  quality,  is  exposed  to  long 
and  continuous  vibration  it  becomes  crystalline  in  its  texture, 
and  its  strength  is  much  impaired,  so  that  it  will  break  not  only 
with  a  stress  much  less  than  its  original  breaking  weight,  but 
also  much  less  than  the  working  stresses  to  which  it  was  pre- 
viously exposed.  This  is  frequently  observed  in  the  chains  of 
<sranes;  they  will  fail  while  carrying  a  load  which  they  have  often 
•carried  with  safety  previously. 

24.  Experiments  on  Cast-  and  Wronght-Iron  Bars. — Sir  Henry 
James  and  Captain  Galton  subjected  cast-iron  bars  to  repeated 
stresses,  corresponding  to  statical  loads  of  some  proportion  of  the 
breaking  weight,  by  means  of  cams,  which  depressed  the  bars, 
«jid  then  allowed  them  to  resume  their  natural  position.  From 
these  experiments  it  was  found  that  bars  which  received  10,000 
depressions  equal  to  that  produced  by  one-third  of  the  statical 
breaking  weight,  received  no  apparent  injury;  as  when  they  were 
afterwards  brdken  by  a  statical  weight  they  were  found  to  be  as 
strong  as  similar  bars  which  had  not  been  treated  in  this  way. 
Three  other  bars  were  subjected  to  deflections  equal  to  that 
which  would  be  produced  by  half  the  statical  breaking  weight, 
and  it  was  found  they  broke  with  490,  617,  and  900  depressions 
respectively. 

From  these  experiments,  it  seems  reasonable  to  conclude  that 
it  is  not  safe  to  expose  cast-iron  bars  or  girders  to  repeated 
deflections  equal  to  that  produced  by  one-half  their  statical 
'  breaking  weight,  but  that  they  are  quite  safe  when  subjected  to 
repeated  deflections,  no  matter  how  many,  equal  to  that  produced 
by  one-third  of  their  breaking  weight. 

Wrought-iron  bars  were  also  experimented  upon,  and  it  was 
found  that  no  perceptible  effect  was  produced  on  them  by  10,000 
successive  deflections,  each  being  equal  to  that  produced  by  one- 
half  the  statical  breaking  weight. 

The  same  result,  however,  does  not  hold  good  when  wrought- 
iron  rivetted  girders  are  loaded.  In  order  to  determine  the  effect 
produced  on  these  latter  by  repeated  loads,  Sir  W.  Fairbaim 
made  a  number  of  experiments  on  a  wrought-iron  rivetted  single- 
web  plate-girder,  20  feet  clear  span  and  16  inches  deep.  He 
first  exposed  it  to  a  series  of  loads  equal  to  one-fourth  of  the 
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calculated  breaking  weight  of  the  girder,  and  applied  in  such  a 
manner  as  to  resemble  as  nearly  as  possible  the  effect  produced 
on  the  main  girders  of  a  bridge  by  the  passage  of  railway  trains. 
After  the  girder  had  undergone  above  half-a-million  changes  of 
load,  no  visible  alteration  was  observed  in  it.  The  load  was  then 
increased  from  one-fourth  to  two-sevenths  of  the  statical  breaking- 
weighty  and  was  applied  another  half-a-million  of  times  without 
apparent  injury.  After  this,  the  load  was  increased  to  two-fifths 
of  the  breaking  weight,  the  deflection  produced  being  0*35  inch 
against^  0*16  and  0*23  inches  in  the  first  and  second  cases 
respectively;  the  girder,  after  sustaining  5,175  applications  of 
the  load,  broke  by  the  rupture  of  the  bottom  flange. 

25.  Wobler's  £zperiment8.--Wohler,  with  the  assistance  of 
the  German  Government,  has  made  very  exhaustive  experiments 
on  metals,  in  order  to  determine  the  effect  of  varying  and  oft- 
repeated  stresses  on  these  materials.  His  results  agree  with 
those  of  Sir  W.  Fairbairn  where  they  travel  over  the  same 
ground,  but  Wohler's  experiments  are  more  varied  and  com- 
plete, and  he  has  thrown  much  additional  light  on  the  subject. 
By  means  of  ingeniously-constructed  machines,  he  exposed  bars 
of  wrought  iron  and  steel  to  tensile  stresses  varying  between 
zero  and  a  fixed  quantity,  and  also  to  repeated  bending  and 
twisting  in  opposite  directions.  The  loads  were  applied  and 
removed  a  great  number  of  times  until  the  bar  was  broken,  or 
until  it  proved  its  ability  to  withstand  the  varying  stresses  an 
infinite  number  of  times. 

•  With  bars  subjected  to  tensile  stresses  varying  between  zero 
and  a  certain  fixed  quantity,  the  general  conclusion  to  be  arrived 
at  from  his  experiments  is,  that  the  greatest  tensile  stress  a  bar 
will  bear  for  an  indefinite  number  of  times  is  for  iron  and  steel 
about  one-half  its  ultimate  static  breaking  stress. 

The  number  of  repetitions  required  to  produce  rupture  is 
increased  if  the  range  through  which  the  stress  is  varied  is 
reduced. 

Wohler  concluded  that  bars  of  wrought  iron  and  steel — the 
static  ultimate  strength  of  the  iron  being  21,  and  that  of  the 
steel  47  tons — would  probably  bear  an  infinite  number  of  stress 
changes  between  the  limits  (in  round  numbers)  and  the  kinds 
of  stress  given  in  Table  IV. 

It  appears  from  this  that  a  bar  will  be  strongest  when  exposed 
to  varying  stresses  of  the  same  Idndy  and  toeakest  when  exposed 
to  stress  of  different  kinds — i.e.,  a  pull  and  a  push.  The  strengths 
of  the  three  bars  in  the  Table  are  approximately  in  the  pro- 
portion of  1 : 2  : 3.     If  the  members  of  a  structure  be  exposed  to 
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stresses  similar  to  those  on  the  hars  in  the  Table,  which  maj- 
frequently  occur  owing  to  passing  loads,  there  ought  to  b& 
different  factors  of  safety  applied  to  them,  and  these  factors- 
ought  to  b^  in  the  proportion  of  3  :  2  : 1. 


TABLE  IV. 


Sthbm  nr  Tom  m  Bquaxb  I>ob. 

Wrought  iron. 

SteeL 

From  compression  to  tension, . 
From  tension  to  no  stress, 
From  tension  to  less  tension,  . 

+   7  to  -  7 
13  to       0 
19  to      lOi 

+  13  to  -  13 
22  to       0 
37  to      16 

The  average  result  of  the  experiments  further  proves  that 
with  bars  of  wrought  iron  and  steel,  which  are  exposed  alter> 
natelj  to  compressive  and  tensile  stresses  of  equal  amount,  the 
limiting  stress  which  they  will  bear  for  an  infinite  number  of 
variations  of  the  load,  is  about  equal  to  one-third  of  the  ultimate 
static  tensile  stress. 

The  principal  results  alluded  to  may  be  summarised  in  the 
following  Table : — 

Let  W    =  ultimate  or  static  strength  of  the  bar. 

Wj  =  greatest  load  the  bar  will  bear  for  an  indefinite 
number  of  applications. 


TABLE  v.— BaxAKiKo  Weight  bt  WOhler's  Experiments. 
1.  Steady  load  without  variation,  .        •        .     Wi  =  W* 

W 


2.  Load  varying  between  0  and  Wj, 


Wi  = 


W 
3.  Load  varying  between  +  Wi  and  -  Wi,    .    Wj  =  -«-. 


A  bar  may  be  broken  by  a  still  smaller  fraction  of  the  static 
breaking  load,  if  it  is  alternately  bent  upwards  and  downwards. 
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CHAPTER  III. 

ntOPBBTIES   OF  MATERIALS  USED   IN  STRUCTURES. 

26.  The  principal  materials  used  in  structural  work,  if  we  except 
masonry  and  brick  work,  are : — 

(a,)  Timber. 
b.)  Oast  Iron. 
e.)  Wrought  Iron. 
[d.)  Mild  Steel. 

A  knowledge  of  some  of  the  leading  characteristics  of  these 
materials  will  be  useful  to  the  students 


{a.)  Timber. 

27.  Variation  in  the  Strength  of  Timber.— The  strength  of 
timber,  even  of  the  same  kind  and  from  the  same  tree,  is  very 
variable,  and  is  affected  by  a  number  of  conditions,  such  as  its 
age,  the  part  of  the  tree  from  which  it  is  cut,  the  nature  of  the 
soil  in  which  it  is  grown,  its  seasoning,  and  other  considerations. 
All  kinds  are  most  durable  when  kept  dry  and  exposed  to 
thorough  ventilation. 

The  effect  of  moisture  is  to  diminish  its  strength,  and  in  some 
kinds  it  causes  decay. 

When  timber  is  exposed  alternately  to  wetness  and  dryness, 
it  decays  rapidly,  more  especially  if  it  is  in  an  enclosed  situation 
where  there  is  no  ventilation.  Special  precautions  should  be- 
taken to  preserve  it  in  such  situations. 

What  is  termed  "  dry  rot "  is  very  destructive  to  timber,  con- 
verting it  into  a  dry  powder;  and,  when  it  has  once  attacked  a 
building,  it  is  difficult  or  impossible  to  arrest  its  progress. 

Timbers  which  have  grown  most  slowly,  which  are  dark  in 
colour  and  heavy,  are,  as  a  rule,  the  strongest  and  most  lasting. 
Woods  which  have  little  resin  or  sap  in  their  pores  are  also  the 
strongest. 

The  sap  in  timber,  by  its  decomposition,  accelerates  decay: 
consequently,  it  is  best  to  fell  timber  at  the  season  when  its 
sap  is  not  circulating ;  this  occurs  in  temperate  countries  in  the 
winter  season  and  in  tropical  countries  in  the  dry  season. 
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Trees  at  the  age  of  maturity  produce  the  best  timber. 

In  the  case  of  young  trees,  the  strongest  portion  is  the  heart. 
After  a  tree  passes  the  age  of  maturity,  the  heart- wood  begins  to 
deteriorate,  and  other  portions  of  the  trunk  are  stronger,  with 
the  exception  of  what  is  termed  the  sap-wood,  which  lies  next 
the  bark,  and  is  the  worst  part  of  the  tree. 

28.  Seasoning  and  Preserving  Timber.— The  strengths  of  most 
timbers  are  nearly  doubled  by  proper  "seasoning"  or  drying. 
Seasoning  timber  consists  in  expelling  the  moisture,  and  may  be 
done  either  by  natural  or  artificial  means.  The  former  method 
merely  consists  in  stacking  it  in  a  dry  sheltered  place;  the 
Beasoning  being  effected  in  from  two  to  five  years. 

There  are  several  methods  of  artificial  seasoning.  By  the 
desiccating  process,  the  timber  is  placed  in  a  chamber  and 
exposed  to  a  current  of  hot  air.  Other  methods  consist  in 
impregnating  the  pores  with  creosote  or  metallic  salts. 

Timber  may  be  protected  against  moisture,  by  painting  it 
from  time  to  time  with  good  oil  paint;  the  timber,  however, 
should  be  dry  before  the  paint  is  first  applied.  Pitch  and  tar  are 
also  good  preservatives. 


TABLE  VL— Strknoth  of  Timber. 


Onuhing 
Strength  per 
Sqoarelnoh. 

With 
the  Grain. 

AoroBs 
the  Grain. 

Ihfl. 

Ibfl. 

lbs. 

ABh 

17,000 

... 

9,300 

Beech,   .... 

11,600  to  17,300 

... 

9,300 

Elm,      .... 

14,000 

... 

10,300 

Fir  (Red  Pme),      . 

12,000 

540  to  840 

6,800 

Oak,  EnglJBh, 

12,000 

2,316 

6,400 

„     American,      .        . 

10,000 

... 

6,000 

29.  Strength  of  Timber.--The  tenacity  of  timber  is  much 
greater  when  palled  in  the  direction  of  the  grain  than  acroia  the 
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grain.  In  the  former  case,  the  tenacity  varies  with  that  of  the 
fibres  themselves,  while  in  the  latter  case,  it  depends  on  the 
lateral  adhesion  of  the  fibres.  Table  VI  gives  the  strength  when 
the  timber  is  dry  and  in  good  condition.  It  will  be  noticed  that 
the  tensile  strength  with  the  grain  is  much  greater  than  the 
crushing  strength. 


(6.)  Cast  Iron. 

30.  Uses  of  Cast  Iron  in  Structures. — Cast  iron  is  a  material 
which  enters  largely  into  most  classes  of  structural  work, 
although  of  recent  years  its  use  has  not  been  so  general  as 
formerly.  At  present,  wrought  iron  and  steel  are  gradually 
taking  its  place  in  those  members  of  a  structure  which  are 
exposed  to  direct  tension,  or  to  bending  stresses.  One  reason 
of  this  is,  that  the  tensile  strength  of  cast  iron  is  small  compared 
■with  that  of  wrought  iron  or  steel;  but  another,  and  perhaps  more 
important,  cause  is  that  it  is  not  a  reliable  metal  In  the 
process  of  casting  cavities  are  often  formed  in  the  body  of  the 
casting,  owing  to  the  generation  of  gases.  Also,  owing  to  the 
shape  of  the  casting,  or  the  presence  of  iron  of  different  qualities, 
unequal  stresses  are  generated  in  the  process  of  cooling,  which 
sometimes  cause  the  fracture  of  the  casting ;  while  in  other  cases 
initial  stresses  are  developed,  causing  minute  cracks  which 
escape  detection,  but  which  afterwards  may  cause  failure.  Cast 
iron,  unlike  wrought  iron  and  other  materials,  gives  no  warning 
of  its  approaching  failure,  which  is  also  a  very  great  objection. 
Notwithstanding  all  these  drawbacks,  however,  it  will,  probably, 
always  be  useful  and  economical  in  those  parts  of  a  structure 
which  are  exposed  to  direct  compressive  stresses  unaccompanied 
by  vibration ;  as  in  pillars  for  supporting  warehouses,  mills,  <ka 
It  is  also  well  adapted  for  arched  ribs,  for  girders,  roofs,  &c, ; 
although  even  here,  except  in  the  case  of  small  spans,  wrought 
iron  or  steel  will  be  found  more  economical.  It  is  much  used 
by  the  general  builder  for  gutters,  lintels,  window-frames,  <fea, 
for  which  purposes  it  is  well  suited.  It  also  lends  itself  more 
easily  than  wrought  iron  or  steel  for  ornamental  work,  and  is 
much  used  for  the  parapets  of  bridges  and  such  other  positions 
where  appearance  is  of  importance,  but  where  it  is  not  exposed 
to  much  stress. 

81.  Varieties  of  Cast  Iron. — There  are  various  kinds  of  cast 
iron  which  have  their  distinctive  names,  according  to  the  district 
in  which  they  are  made,  or  the  kind  of  ore  from  which  they  ave 
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manufactured,  and  they  differ  a  good  deal  from  each  other  both 
in  colour  and  texture.  Their  strengths  are  very  much  influenced 
by  the  presence  of  foreign  materials,  such  as  carbon,  phosphorus, 
sulphur,  <ka 

According  to  Hodgkinson,  <'  white  cast  iron  is  less  liable  to  be 
destroyed  by  rusting  than  the  gray  kind ;  and  it  is  also  less 
soluble  in  acids ;  therefore  it  may  be  usefully  employed  where 
hardness  is  necessary,  and  where  its  brittleness  is  not  a  defect ; 
but  it  should  not  be  chosen  for  purposes  where  strength  is 
necessary.  In  a  recent  fracture  it  has  a  white  and  radiated 
appearance,  indicating  a  crystalline  structure.  It  is  very  hard 
and  brittle." 

^*  Gray  cast  iron  has  a  granulated  fracture,  of  a  gray  colour, 
with  some  metallic  lustre ;  it  is  much  softer  and  tougher  than 
white  cast  iron.'' 

Between  these  extremes  of  colour  there  are  many  intermediate 
varieties,  the  whiter  kinds,  as  a  rule,  being  the  harder  and  more 
brittle,  while  those  approaching  to  gray  are  the  softer  and 
tougher,  and  the  better  fltted  for  structural  work. 

The  castings  which  give  the  best  results,  both  as  regards  their 
ultimate  strength  and  their  elasticity,  are  produced  by  mixing 
in  proper  proportions  a  number  of  different  kinds  of  the  metal, 
the  best  combinations  being  the  result  of  practical  experience. 

The  tenacity  of  cast  iron  varies  a  good  deal ;  inferior  qualities 
have  only  a  strength  of  about  5  tons  to  the  square  inch,  while  in 
some  cases  as  high  a  result  as  15  tons  has  been  obtained.  The 
average  tenacity  is  from  7  to  8  tons. 

32.  Relative  Strengths  of  Small  and  Large  Castings.— The 
transvei*se  strength  of  small  castings  is  relatively  greater  than 
that  of  large  ones,  and  is  augmented  by  rapid  cooling. 

What  is  termed  the  skin  of  a  bar,  or  the  outside  chilled 
surface,  appears  to  add  to  its  traTisverse  strength. 

This  is  borne  out  by  the  results  of  some  experiments  made  by 
Major  Wade,  and  given  in  Table  VII.,  where  he  compared  the 
transverse  and  tensile  strengths  of  proof  bars  cut  from  the  body 
of  a  cast-iron  gun  with  those  cast  at  the  same  time  in  separate 
vertical  dry  sand  moulds. 

These  experiments  show  that  in  small  castings  the  transverse 
strength  is  increased  by  rapid  cooling,  but  the  tensile  strength 
is  diminished.  This  diminution  of  tensile  strength,  however, 
does  not  seem  to  be  common,  and  only  applies  to  high  class 
castings  similar  to  those  employed  in  these  experiments.  Major 
Wade  remarks  that,  "As  a  general  rule,  the  tenacity  of  the 
common  sorts  of  foundry  iron  is  increased  by  rapid  cooling." 
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TABLE  VIL 


OBrFiciEsrr  of 
TjLi2iBVuu»B  BorruBX. 

TursiLB  Strxkgth 
PsK  Squakx  Urea. 

SpSCIFXO  OmAVXTT. 

Bar  cut 
from  gnzL. 

B&rcast 
separata. 

Bar  cut 
from  gun. 

Bar  oast 
separata. 

Bar  out 
fromgmi. 

Bar  cast 

separatei 

Urn. 
8,415 

9,233 

8,575 

lbs. 
9,880 

9,977 
10,176 

lbs. 
30,234 

31,087 

26.367 

lbs. 
29,143 
30,039 
24,583 

7196 

7-278 
7-276 

7-263 
7-248 
7-331 

8,741 

10,011 

29,229 

27,922 

7-250 

7^1  II 

The  chilled  surface  or  skin  of  a  casting  adds  very  much  to  its 
power  of  resisting  a  crushing  stress.  Mr.  Hodgkinson  (in  his 
experiments  on  the  crushing  strength  of  cast-iron  pillars)  found 
that  the  external  part  of  the  casting  was  always  harder,  and 
consequently  stronger  to  resist  crushing,  than  that  near  to  the 
centre;  and  in  the  case  of  hollow  pillars  the  hardness  increased 
with  the  thinness  of  the  tube.  He  found  that,  "  In  solid  pillars, 
2^  inches  diameter  of  Low  Moor  iron  ^o.  2,  the  crushing  force 
per  square  inch  of  the  central  part  was  29*65  tons,  and  that  of 
the  intermediate  part  near  to  the  surface  was  34-59  tons;  whilst 
the  external  ring,  J  inch  thick,  of  a  hollow  cylinder,  4  inches 
diameter,  of  which  the  outer  crust  had  been  removed,  was 
crushed  with  39*06  tons  per  square  inch ;  and  external  rings  of 
the  same  iron,  thinner  than  half-an-inch,  required  from  49*2  to 
51-78  tons  per  square  inch  to  crush  them.  These  facts  show  the 
great  superiority  of  hollow  pillars  over  solid  ones  of  the  same 
weight  and  length." 

In  the  case  of  large  castings  the  difference  of  hardness  and 
crushing  strength  between  the  iron  at  the  centre  and  at  the 
surface,  although  it  exists,  is  not  nearly  so  great  as  in  small 
castings. 

33.  Engineers'  Beqnirements  in  Castings  for  Structural  Work 

In  engineers'  specifications,  when  referring  to  castings,  it  is 
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usually  laid  down  that  they  must  be  free  from  any  defects  and 
be  cast  with  sharp  edges.  In  the  case  of  pillars,  it  is  becoming 
usual  to  specify  that  they  be  cast  vertically  on  their  ends  and 
not  on  their  sides;  it  is  also  usual  to  specify  that  at  each  melting 

TABLE  VIIL— Tensile  and  Transvebse  Strength  of  Cast  Ibon. 


Descwptioji  of  Iboh. 

Tenafle  Strength 
per  Square  Inch  of 

TrftQBTersa 

Strength, 

4'  6"  Bearing. 

Carron  Iron  (Scotland),  No.  2,  Cold  \ 
Blast, / 

Carron  Iron  (Scotland),  No.  2,  Hot  1 
Blast, / 

Carron  Iron  (Scotland),  No.  3,  Coldl 
Blast, / 

Carron  Iron  (Scotland),  No.  3,  Hot ) 
Blast, } 

Devon  Iron  (Scotland),  No.  3,  Hotl 
Blast, ; 

Buffenr  Iron  (Birmingham),  No.  1, 

Bnffery  Iron  (Birmingham),  No.  1,  \ 
Hot  Blast, J 

Cold  Talon  Iron  (N.  Wales),  No.  2,  > 
Cold  Blast,  .        .        .         .        ./ 

Cold  Talon  Iron  (N.  Wales),  No.  2,  \ 
Hot  Blast, / 

Low  Moor  Iron  (Yorkshire),  No.  3, 
Cold  Blast 

Ibe.         Tom. 
16,683  =  7-46 

13,605  =  603 

14,200  =  6-35 

17,755  =  7-93 

21,907  =  9-78 

17.466  =  7-80 

13,434  =  600 

18,855  -  8-42 

16,676  =  7-45 

14,535  «  6-49 

IbB. 

476 
463 
446 
527 
637 
463 
436 
413 
416 
467 

Mean, 

16,502  =  7-37 

464 

one  or  more  test-bars  of  certain  dimensions  are  to  be  cast>  which 
are  afterwards  to  be  placed  on  supports  a  certain  distance  apart 
and  tested  with  dead  weights  in  the  centre.     For  example,  rect* 
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•xigalar  bars,  2  inches  by  1  inch,  placed  on  supports  3  feet  apart 
with  the  deep  side  vertical,  should  bear  a  central  load  of  30  cwts. 
and  deflect  before  fracture  at  least  '29  inch.  Another  common 
test  is,  that  bars,  1  inch  square,  placed  on  supports  4  feet  6  inches 
apart,  shall  bear  a  central  load  of  550  lbs.  It  is  not  usual  to 
specify  the  direct  tensile  or  crushing  stresses  of  the  bar,  though 
it  is  sometimes  done. 

Table  YIII.  gives  the  results  of  some  experiments  made  by 
Mr.  Hodgkinson  on  cast-iron  bars,  1  inch  square,  the  tensile 
strength  was  obtained  by  a  direct  pull,  and  the  transverse 
strength  by  placing  each  bar  on  two  supports  4  feet  6  inches 
apart,  and  loading  it  at  the  centre  with  gradually  increasing 
static  loads. 

In  America,  iron  masters  obtain  castings  of  much  p:reater 
strength  than  we  do  in  this  country.  These  are  used  for  the 
manufacture  of  guns.  This  great  strength  is  got  by  employing 
a  very  superior  ore  to  begin  with,  and  then  by  frequent  recasting 
and  keeping  the  metal  under  fusion  from  three  to  four  hours. 
By  these  latter  means  an  increase  of  strength  equal  to  60  per 
cent,  may  be  obtained. 


(c.)  Wbouoht  Iron. 

34.  Wrongfat  Iron  as  used  in  Stmctnres. — Of  all  the  materials 
which  are  at  the  present  time  employed  in  engineering  structural 
works,  wrought  iron  is  the  most  general.  Whether  or  not  this 
will  continue  to  be  so,  it  is  difficult  to  say.  Appearances  at 
present  seem  to  indicate  that  steel  in  some  form  or  other  will 
gradually  replace  it,  mainly  for  economical  reasons. 

The  quality  of  wrought  iron  varies  a  good  deal,  and  depends 
primarily  on  the  quality  of  the  cast  iron  from  which  it  is  made, 
and  on  the  care  taketi  in  its  manufacture.  The  amount  of 
carbon  which  it  contains  has  a  great  deal  to  do  with  its  quality. 
In  very  soft  irons  the  quantity  of  carbon  is  almost  impercepti- 
ble; when  it  reaches  ^  per  cent.,  the  iron  becomes  harder  and 
stronger,  and  is  known  as  "  soft  steel."  The  presence  of  carbon, 
although  it  increases  its  strength,  makes  the  welding  much  more 
difficult. 

35.  Testing  Wrought  Iron. — When  a  bar  of  uniform  section 
is  tested  for  tensile  strength,  the  extension  which  occurs  is 
at  first  pretty  general  over  the  length  of  the  bar.  When 
the  bar,  however,  approaches  the  point  of  rupture,  a  large 
local  extension  takes  place  near  the  place  of  fracture,  attended 
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by  a  corresponding  contraction  of  the  area  of  the  bar  at  this 
point. 

After  rupture,  the  contraction  of  area  at  the  point  of  fracture 
should  be  noted.  This  is  a  very  important  index  of  the  quality 
of  the  iron.  The  extension  which  the  bar  undergoes  in  a  certain 
length  should  also  be  observed.  The  quality  of  the  iron  is 
Ascertained  from  the  following  results : — 

(1)  The  ultimate  tensile  strength  per  square  inch. 

(2)  The  contraction  of  area  at  the  point  of  fracture,  or  the 
extension  in  a  certain  length  of  the  specimen. 

36.  Tensile  Strength  of  Wrought  Iron.— The  ultimate  strength 
of  a  specimen  of  wrought  iron  depends  to  a  certain  extent  on 
the  shape  of  the  specimen.  In  order  to  get  good  results,  there 
should  be  no  sudden  variations  of  section  in  the  bar  tested,  and 
care  should  be  taken  to  have  the  pull  exactly  longitudinal  with 
the  bar. 

Table  IX.  gives  the  net  results  of  587  experiments  made  by 
Mr.  Kirkaldy. 


TABLE  IX.— Tensile  Strength  of  Wrought  Iron. 


NUMBBB  OP  EXPKBIMKKTS. 

Bkbakixo  Wright  pkr  S<jnARB  I  cb  of 
Obioikal  Abba. 

Highest. 

Lowest 

Mean. 

188  RoUed  bars,     . 
72  Angles  and  straps,   . 
167  Plates  with  the  grain, 
160      „     across  the  grain,    . 

Tons. 
30-7 
28-5 
27-9 
27-1 

Tons. 
19-9 
16-9 
16-7 
14-5 

Tons. 
25-7 
24-4 
22-6 
20-6 

It  will  be  seen  from  the  table  that  iron  of  very  different 
qualities  was  tested.  On  the  whole,  the  quality  is  much  superior 
to  that  ordinarily  used  for  structural  work. 

Table  X.  may  be  taken  as  representing  the  tensile  strength 
both  with  and  across  the  grain,  and  also  the  contraction  of  area 
at  the  point  of  fracture  of  iron  as  ordinarily  used  for  construe- 
tioual  work. 
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TABLE  X.— Stbxnoth 

OF  Wkouoht  Iron  as  used  in 
Work,  &o. 

Bridok 

DnoMOiATioar. 

Tensile 

strength 

with  the 

grain. 

Tensile 

strength 

across  the 

grain. 

Oontrsotion 

of  area  at 

point  of  frao- 

tore  with  the 

grain. 

of  area  at 

point  off  rec- 

tnre  across 

the  grain. 

Tons. 

Tons. 

Percent 

Per  cent 

nates,      .        •        .         . 

20  to  22 

16  to  18 

7  to  10 

3  to4 

Angles  and  Tees,     • 

21  to  23 

••• 

12  to  16 

.■•• 

Flat  bars, 

21  to  24 

... 

18  to  22 

.— 

Bound  bars  up  to  1 }  in.  diam., 

20  to  22 

16  to  18 

... 

Boundbars  above  1  i    , , 

10  to  21 

- 

13  to  16 

••• 

Soft  and  ductile  irons  draw  out  a  good  deal  under  stress,  and 
though  they  may  not  give  a  high  breaking  stress  per  square 
inch  of  the  original  section  of  the  bar,  yet,  when  measured  with 
respect  to  the  fractured  area,  they  show  very  good  results. 

A  hard  specimen,  which  possesses  little  ductility,  does  not  give 
a  great  elongation,  and  the  fractured  area  will  not  be  much  less 
than  the  original  area  of  the  bar.  One  advantage  of  using  a  soft 
iron  in  a  structure  is,  that  it  will  stretch  a  good  deal  before 
fracture  takes  place,  and  consequently  will  give  ample  warning 
before  it  collapses. 

As  a  rule,  the  smaller  and  thinner  a  plate  or  bar  is  after 
leaving  the  rolls,  the  better  results  it  will  give  in  testing.  This 
seems  natural  enough  when  we  consider  that  the  particles  of  iron 
are  more  likely  to  be  thoroughly  welded  together,  and  that  im- 
purities are  more  likely  to  be  eliminated.  Angles  and  tees  also  give 
better  results  than  plates  rolled  from  the  same  quality  of  iron. 

37.  Tensile  Strength  of  Wrought  Iron  across  the  Fibre.— In 
the  process  of  rolling  plates  and  bars  the  molecules  of  the  iron 
are  elongated  in  the  direction  in  which  the  plate  or  bar  is  rolled, 
what  is  termed  a  "fibre"  being  formed,  and  the  bar  always 
shows  greater  strength  when  tested  in  the  direction  of  the  fibre 
than  when  tested  across  it,  the  proportion  roughly  varying  as 
21  to  18.  The  elongation  of  the  specimen,  and  the  contraction  of 
area  at  the  point  of  rupture,  are  also  greater  when  the  specimen 
is  tested  with  the  grain  than  when  tested  across  it  It  is  usual 
for  engineers,  when  drawing  up  a  rigid  specification  of  the 
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strength  of  plates,  to  take  cognisance  of  this  fact,  and  to 
mention  the  ultimate  strength  and  contraction  of  area  for  plates 
-when  tested  both  ways. 

38.  Strength  of  Welds There  is  a  popular  belief  that  the 

strength  of  a  welded  joint  is  as  great  as  that  of  the  bar  itself, 
and  no  donbt  this  is  so,  when  the  iron  is  of  a  quality  well  adapted 
for  welding,  and  when  the  greatest  care  is  taken  by  using  a  clean 
£re,  scarfed  joints,  &c.  Experience,  however,  proves  that  the 
strength  of  the  weld  is  nearly  always  less  than  that  of  the 
original  bar,  in  some  cases  to  the  extent  of  50  per  cent.  For 
this  reason,  and  also  on  account  of  the  cost,  welds  should,  if 
possible,  be  avoided  in  structural  work,  and  if  they  have  to  be 
made,  the  bar  should  be  swelled  out,  so  that  its  sectional  area  be 
.greater  at  the  welded  joint  than  at  other  parta  By  this  means 
the  deterioration  of  strength  suffered  by  the  welding  process  is 
partially  or  wholly  neutralised. 

39.  Iron  Wire. — When  wrought  iron  is  drawn  out  in  the  form 
of  wire,  its  tensile  strength  is  very  much  increased ;  the  amount 
of  inoroMC  depending  upon  the  diameter.  For  example,  iron 
'Wise,  ^th  indi  in  diameter,  when  made  from  iron  of  a  tensile 
strength  of  25  tons  per  square  inch,  will  have  an  ultimate 
strengh  of  about  35  tons,  or  even  more.  The  wire  used  in 
the  cables  of  the  Niagara  bridge  had  a  strength  of  about  44 
tons  per  square  inch,  and  oases  have  been  known  where  it 
has  reached  56  tons.  It  is  a  strange  thing  that  the  specific 
gravity  of  wire  is  rather  less  than  that  of  the  iron  from  which- 
it  was  produced,  so  that  its.  additional  strength  is  not  due  .to  the 
closeness  of  the  molecules,  but  must  arise  from  some  other  cause 
not  clearly  understood.  When  wire  is  annealed,  it  loses  a  large 
portion  of  its  strength,  and  becomes,  in  fact,  only  about  the 
same  as  the  iron  from  which  it  was  produced. 

40.  GompressiTe  Strength  of  Wrought  Iron. — It  is  very  rarely 
that  structures  fail  from  the  actual  crushing  of  the  material  If 
a  compressive  member  £Eiil,  it  is  generally  due  to  buckling  or 
bending  sideways,  owing  to  want  of  proper  stiffening.  From 
experiments  made  on  short  cylinders,  it  has  been  ascertained 
that  ordinary  wrought  iron  is  crushed  or  bulged  with  from  16  to 
20  tons  per  square  inch. 

•41.  Effects  of  Annealing. — Annealing  wrought  iron  of  small 
sections  diminishes  its  ultimate  tensile  strength  but  increases 
its  ductility.  In  the  case  of  iron  which  has  suffered  fiitigue, 
annealing  is  very  beneficial.  It  is  a  good  practice  to  anneal 
orane  chains  from  time  to  time ;  by  this  means  their  brittleness 
is  Temoved  and  their  ductility  restored.    Aooording  to  Morin, 
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the  annealing  of  large  forgings  is  injurious,  as  it  produces  a 
crystalline  structure;  and  the  same  authority  states  that  the 
prolonged  annealing  of  iron  of  small  sections  has  a  bad  effect. 

42.  Shearing  Strength  of  Wrought  Iron.~The  shearing  strength 
of  wrought  iron  is  practically  equal  to  its  tensile  streni^th; 
this  may  be  tested  by  punching  holes  in  plates,  or  by  cutting 
them  with  an  ordinary  shearing  machine. 

Table  XI.  gives  the  result  of  some  experiments  made  by 
Mr.  Little  in  order  to  determine  the  force  required  to  shear 
wrought-iron  bars  with  parallel  shear  blades. 

TABLE  XL— ExpsRiMKNTS  on  Sbearino  Wrought-Ibok  Bars 
WITH  Parallel  Cutters. 


Naof 
Xzperlment 

Width  of 

Bar 
inlnohM. 

ThiekiMM 

of  Bar 
JnlnobM. 

SMtional 

Toiil 

Bnmanin 

Tom. 

Sqoare  Inch  of 
Area  cats  Tons. 

1 
2 
3 
4 
5 
6 
7 

30 

8-0 

3-0 

3-0 

3t)2 

3-02 

5-0 

0-5 
0-6 
lO 
1-0 
1-0 
10 
2-04 

1-50 
1-50 
300 
300 
3-02 
3-02 
10-20 

83-4 
84*6 
69*2 
681 
59-7 
621 
210-6 

22-8 
231 
231 
22-7 
19-8 
20-6 
20-6 

43.  Expansion  and  Contraction  dne  to  Change  of  Temperature 

All  metals  in  the  solid  state  expand  with  an  increase,  and 
contract  with  a  diminution  of  temperature,  and  the  change  of 
length  which  they  undergo  is  proportional  to  the  change  of 
temperature,  at  least  between  the  limits  of  32"*  and  212*  Fah, 
or  between  0^  and  100*  on  the  centigrade  scale. 

The  coefficient  of  linecyr  expansion  of  a  material  is  the  fractional 
part  of  its  length  hj  which  it  elongates  or  shortens  owing  to  a 
change  of  temperature  of  V, 

Most  tables  give  the  coefficient  for  1°  on  the  centigrade  scale. 
It  wiU  be  an  easy  matter,  however,  to  reduce  the  resultB  to  the 
Fahrenheit  scale,  bearing  in  mind  that  1*  Fak  :  V  cent.  ::  6  :  9. 
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Let  I  =  length  of  a  bar  at  0'  C. 
^  =  its  length  at  (9, 
a  =  the  coefficient  of  linear  expansion  for  1'  0. 

Then  the  elongation  for  i®  =  atl 

and  l^  =  l{l  •{■  at)  .         .      •  .         (1). 

Example  1. — By  how  much  will  a  wrought-iron  girder,  200 
feet  in  length,  elongate  when  the  temperature  is  raised  40 
degrees  Fah.  ? 

The  amount  of  elongation  is  expressed  hj  a^l  where 

a  =  0-00000642. 

t  =  4o^ 

I  =  200  feet. 
Elongation  =  -00000642  x  40  x  200  =  -05136  foot  =  0-61632  inch. 
TABLE  XII.— Coefficients  of  Linear  Expansion. 


BeseripUonofmatetlAl. 

linou"  eziMU- 
8ionforl«C. 

Coefficient  of 

Attfthwitr. 

MXTAI^. 

Brass  rods,  . 

... 

•00001052 

Ray. 

Copper, 

... 

•00000944 

Smeaton. 

Iron  (cast),  . 

•000011094 

•«. 

Ramsden. 

„       „    (from  bar  2  in. 
square),   . 

-000011467 

... 

Adie. 

„       „    (from  bar  i  in. 
square),   . 

•000011022 

... 

>> 

„     (wrought),  . 

•000012204 

... 

Laplace  &  Lavoisier. 

i«            »>           •        • 

... 

•00000642 

Borda. 

Steel  (untempered),     . 

•000010788 

... 

Laplaoe&  Lavoisier. 

„     (tempered). 

•000012396 

... 

»> 

„     (blistered). 

•000011500 

... 

Smeaton. 

»     (rod),.        .        . 

•000011447 

... 

Ramsden. 
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(c/.)  Steel. 


44.  Different  Kinds  of  Steel. — ^The  term  steel  is  a  very  elastic 
one,  and  includes  metals  which  differ  very  widely  from  each 
other  in  strength  and  other  properties.  Of  late  years  a  mild 
form  of  steel  has  been  largely  manufactured  for  boilers,  ships, 
bridges,  &c,  which  differs  very  little  from  wrought  iron;  in 
iact^  it  is  very  difficult  to  say  where  "  wrought  iron "  ends  and 
"steel"  begins. 

In  its  chemical  composition  steel  is  the  same  as  wrought  iron 
with  a  little  admixture  of  carbon.  A  very  slight  difference  in 
the  amount  of  carbon  produces  a  very  great  difference  in  the 
strength  of  the  metal ;  thus,  a  steel  which  has  a  tensile  strength 
of  28  tons  per  square  inch  may,  by  slightly  altering  its  chemical 
composition,  have  its  strength  raised  to  50  or  60  tons. 

It  is  principally  with  mild  steel  that  we  are  here  concerned. 

Formerly,  the  difficulties  attending  the  manufacture  of  a 
reliable  metal  were  so  great,  that  engineers  set  their  faces 
against  its  use.  Many  fsulures  have  occurred  which  could  not 
be  accounted  for,  and  justified  the  suspicion  with  which  this 
metal  was  regarded.  This  uncertainty  in  the  manufacture 
and  behaviour  of  steel  has  recently  passed  away,  and  a  material 
can  now  be  produced  which  is  quite  as  reliable  as  wrought 
iron,  and  even  more  uniform  in  its  strength;  and  there  can 
be  little  doubt  that  in  the  future  it  will  to  a  large  extent 
take  the  place  which  wrought  iron  now  holds  as  a  material  for 
structures. 

The  advantages  which  it  offers,  when  applied  to  bridge-work, 
are  very  great  and  very  obvious. 

Its  strength  is  from  40  to  50  per  cent,  in  excess  of  that  of 
wrought  iron,  and  it  has  a  proportionate  superiority  in  elasticity 
and  ductility,  while  the  cost  of  its  production  is  not  very  much 
greater.  The  advantages  which  this  superior  strength  gives  are 
great)  especially  in  bridges  of  large  span,  as  the  dead  load  of  the 
structure  will  be  very  much  diminished.  Other  advantages  will 
be  subsequently  referred  to  when  treating  on  steel  bridges. 

45.  Strengtil  of  SteeL — The  tensile  strength  of  steel  varies 
between  very  wide  limits.  That  for  mild  steel,  as  used  in 
structural  work,  is  from  27  to  32  tons  per  square  inch ;  wliile, 
in  very  hard  varieties,  it  may  be  as  high  as  60  tons. 

The  crushing  strength  for  the  soft  varieties  is  about  equal  to 
the  tensile  strength.  In  the  harder  varieties  it  is  much  greater, 
and  may  reach  as  much  as  150  tons. 
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The  shearing  strength  is  approximately  equal  to  three-fourths 
of  the  tensile  strength.  It  has  been  found  that  mild  steel  of 
29  tons  tensile  strength  has  only  a  shearing  strength  of  24^  tons. 
On  account  of  this  weakness  in  the  shearing  strength,  it  is  the 
practice  to  use  iron  rivets  for  steel  structures. 

46.  Elasticity  of  SteeL — From  experiments  made  by  the 
'<  Steel  Committee/'  it  appears  that  the  limit  of  elastic  reaction 
for  the  qualities  of  steel  upon  -which  they  experimented  was,  on 
the  average,  about  21  tons  per  square  inch  both  for  tension  and 
compression.  For  milder  qualities,  it  is  not  so  high.  For 
28-ton  steel  the  limit  of  elasticity  is  reached  at  about  18  tons. 

From  the  experiments  above  referred  to,  it  was  found  that 
with  bars  under  compression,  the  mean  decrement  of  length  per 
ton  per  square  inch  was  i3.4^th  of  the  original  length  of  the 
bars;  and  under  tension,  the  mean  increment  of  length  was 
iijoBi^  of  the  original  length.  This  is  equivalent  to  a  modulus  of 
compressive  elasticity  =  13,459  tons,  and  a  modulus  of  tensile 
elasticity  =  13,089  tons,  or  a  mean  of  13,274  tons. 

From  experiments  made  by  Sir  W.  Fairbaim,  he  found  the 
modulus  of  elasticity  somewhat  higher — namely,  13,839  tons* 
The  average  modulus  may  be  taken  as  13,393  tons,  or  30,000,000 
lbs.,  which  is  considerably  in  excess  of  that  for  wrought  iron. 

47.  Admiralty  Tests  for  Steel—- The  Admiralty  specification 
for  steel  plates,  angles,  <&c.,  is  as  follows : — 

"  1.  Strips  cut  lengthwise  of  the  plates  to  have  an  ultimate 
tensile  strength  of  not  less  than  2Q,  and  not  exceeding  30  tons 
per  square  inch  of  section,  with  an  elongation  of  20  per  cent,  in 
a  length  of  8  inches. 

"2.  Strips  cut  lengthwise  or  crosswise,  IJ  inch  wide,  heated 
uniformly  to  a  low  cherry-red,  and  cooled  in  water  of  82*  Fah., 
must  stand  bending  in  a  press  to  a  curve  of  which  the  inner 
radius  is  one  and  a  half  times  the  thickness  of  the  plates  tested. 

"  3.  The  strips  are  to  be  cut  in  a  planing  machine,  and  are  to 
have  the  sharp  edges  taken  off. 

"4.  The  ductility  of  every  plate  is  to  be  ascertained  by  the 
application  of  one  or  both  of  these  tests  to  the  shearing,  or  by 
bending  them  cold  by  the  hammer  on  the  Contractor's  premises 
and  at  his  expense. 

"  5.  All  plates  to  be  free  firom  lamination  and  injurious  sarfaoe 
defects. 

"  6.  One  plate  to  be  taken  for  testing  by  tensile,  extension, 
and  tempering  tests  from  every  invoice,  provided  the  number  of 
plates  does  not  exceed  50.     If  above  that  number,  one  for  every^ 
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addxtaon  of  50,  or  portion  of  50.  Plates  may  be  received  or 
rejected  without  a  trial  of  every  thickness  on  the  invoice. 

^'7.  The  pieces  of  plate  cut  out  for  testings  are  to  be  o£ 
parallel  width  from  end  to  end;  or  for  at  least  8  inches  of  length. 

"  When  the  plates  are  ordered  by  thickness,  their  weight  is  to 
be  estimafced  at  the  rate  of  40  lbs.  per  square  foot  for  plates  o£ 
1-inch  thick,  and  in  proportion  for  plates  of  all  other  thicknesses ; 
the  weight  so  ]groduced  is  not  to  be  exceeded,  but  a  latitude  of 
5  per  cent,  below  this  will  be  allowed  for  rolling  in  plates  of 
half  an  inch  in  thickness  and  upwards,  and  10  per  cent,  in 
thinner  plates. 

*^  These  weights  may  be  ascertained  by  weighing  as  much  aa 
10  tons  at  a  time.  . 

"  The  steel  for  angles,  teea,  bars,  <fea,  to  stand  a  tensile  straia 
of  26  tons  to  the  square  inch,  and  not  to  exceed  30  tons  to  the 
square  inch." 

The  other  tests  for  angles,  <fec.,  to  be  the  same  as  those 
described  for  plates. 

48.  Lloyd's  Tests  for  Steel. — Lloyd's  rules  for  steel  used  in 
ship-building  stipulate  that  steel  plates  and  angle  and  bulb  steel 
shfldl  have  an  ultimate  tensile  strength  of  not  less  than  27  tons,, 
and  not  exceeding  31  tons  per  square  inch,  with  an  elongation* 
before  fracture  equal  to  20  per  cent.,  measured  on  a  length  ofl 
8  inches.  They  also  specify  that  ''strips  cut  from  the  plate,, 
angle,  or  bulb  steel  to  be  heated  to  a  low  cherry-red,  and  cooled 
in  water  of  82^  Fah.,  must  stand  bending  double  round  a  curve, 
of  which  the  diameter  is  not  more  than  three  times  the  thickness 
of  the  plates  tested."  The  Liverpool  Underwriters*  Registry 
give  a  tensile  range  of  strength  from  28  to  32  tons  per  square 
inch. 

40.  Rules  of  the  French  Admirsdty. — The  rules  of  the  French 
Admiralty  for  the  strength  of  steel  plates,  &c,,  are  somewhat 
different  from  those  alreiSy  given.  They  do  not  prescribe  any 
maximum  strength,  and  the  minimum  strength  is  fixed  according 
to  the  thickness  of  the  plates.  For  example,  for  plates  f  inch  in 
thickness,  the  minimum  strength  is  fixed  at  about  28  tons  per 
square  inch,  and  for  thinner  plates  it  is  fixed  at  about  28^ 
tons.  In  order  to  test  the  ductility  they  prescribe  that,  in 
an  8-inch  test-piece,  the  elongation  must  be  20  per  cent,  of 
its  original  length,  and  provided  this  test  is  complied  with 
tl»ey  do  nob  fix  any  maximum  strength. 

50.  Steel  Castings. — Great  improvements  have  been  made 
during  the  last  few  years  in  the  production  of  steel  castings,  and 
they  can  also  be  made  at  prices  very  much  lower  than  formerly* 


Digitized  by 


Google 


40 


PBOPERTIBS  OF  MATBBIAI8  USED   IN  STBUCTURES. 


The  chief  objection  to  castings  made  in  steel  used  to  be  their 
•want  of  ductility;  now  they  can  be  made  of  soft  steel  of  a  tensile 
strength  of  about  30  tons,  and  giving  an  elongation  of  20  per 
cent,  in  an  8-inch  test-piece. 

If  the  steel  casting  is  to  be  used  in  a  position  where  it  will  be 
subjected  to  vibratory  stresses,  it  is  advisable  to  anneal  it.  Up 
to  the  present,  steel  castings  have  not  been  much  used  by  the 
bridge-builder,  but  in  the  future  it  is  probable  that  they  will 
become  more  common. 

51.  Effects  of  Annealing  on  Steel — Annealing  steel  reduces  its 
strength  but  increases  its  ductility.  It  is  very  useful  when, 
applied  to  castings. 

Table  XIII.,  which  gives  the  results  of  some  experiments^ 
shows  the  effect  of  annetding  on  plates. 


TABLE  XnL 


EnD  OV  BfTEEL, 

XJS-ABntZAXJOK 

AmALSD. 

Tensile 

XJlttmate  set 

in  length  of 

8  inches. 

Tensile 

strength  per 

sq.inch. 

aitlmate  set 

in  length  of 

8  indies. 

Tons. 

Per  cent. 

Tons. 

Per  cent 

Hard  ated  l-in.  plate,      . 

32-97 

1665 

28-62 

2412 

MUd     „    J      „ 

26-60 

24-32 

24-05 

29-87 

»               >f       i            >f 

28-56 

26-05 

26-95 

26-90 

52.  Treatment  of  Steel  by  Hydraulic  Pressure. — The  late  Sir 
Joseph  Whitworth  introduced  and  patented  a  system,  which 
promises  to  become  common,  of  subjecting  steel  ingots,  when  in 
the  fluid  state,  to  great  pressure.  The  pressure  is  produced  by 
hydraulic  power,  and  may  reach  as  much  as  12  tons  per  square 
inch  on  the  metal.  When  the  fluid  metal  is  poured  into  the 
mould,  the  pressure  is  applied,  and  may  be  continued  from 
1  to  4  hours.  Its  effect  is  to  drive  out  all  gases  and  other  im- 
purities which  may  be  collected  in  the  body  of  the  metal,  and  to 
render  it  more  ductile  and  homogeneous  in  its  texture.  By 
the  old  method  of  casting,  a  large  portion  of  the  ingot  con- 
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tained  cavities  which  necessitated  a  good  deal  of  cutting  to 
waste.  The  contraction  produced  in  the  length  of  the  ingot 
during  the  application  of  the  pressure  amounts  to  as  much  as 
12  i  per  cent. 

Tables  XIV.  and  XV.*  give  results  of  the  tests  of  the  pressed 
and  nnpressed  ingots. 

TABLE  XIV.— Mban  of  Test-Piscxs  Cut  Lonoitudikallt. 


Elastlo  limit  in 
tons  per  square 

Ultimate  break- 
ing Btreas  In  tons 
per  squai-e  inch. 

Contraction  in 

area  at  point  of 

fracture 

Eloneation 
4  inches. 

UDpreBsed  Ingot, 
Preued  Ingot, 

11-11 
11-45 

2918 
29-53 

Per  cent 
4-41 

7-90 

Per  cent 
8-76 

12-51 

TABLE  XV.— Mkait  of  Test-Pekoks  Cut  Transvbesklt. 


Elastio  limit  in 
tons  per  square 

Ultimate  break- 
per  square  inch. 

Contraction  in 

area  at  point  of 

fracture. 

Elongation 

in 

4  inches. 

Unpressed  Ingot, 
Pressed  Ingot,    . 

11-43 
12-38 

28-04 
30-07 

Per  cent 
3-61 

7-57 

Percent 
7-91 

12-74 

CHAPTER  IV. 
uechakioal  laws  relating  to  stresses  on  structures^ 

Diagrams  of  Forces. 

53.  Preliminary. — The  whole  suVject  of  the  investigation  of  th© 
stresses  on  beams  and  framed  structures  is  a  very  important  one, 

*  Greenwood.— Proc.  Insi,  qfC.E,,  vol.  xcviii.,  p.  83. 
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and  of  late  years  a  number  of  eminent  men  have  devoted  a  great 
deal  of  time  and  skill  to  its  elucidation. 

Our  knowledge  of  the  subject  now  is  very  much  more  com- 
plete than  formerly,  and,  generally  speaking,  the  subject  is  much 
simplified,  and  the  results  arrived  at  in  most  cases  are  practically 
exact. 

It  is  true  that  on  some  questions  (as,  for  example,  the  stresses 
on  continuous  girders,  and  the  investigation  into  the  strengths 
and  the  distribution  of  stresses  in  solid  beams),  something  yet 
remains  to  be  explained  and  simplified  ;  yet  these  cases  are  the 
exceptions  to  the  general  rule  stated,  and  the  dif&culties  and 
ambiguities  which  arise  in  the  investigation  of  these  special  cases 
need  not  prevent  the  student  from  thoroughly  understanding  the 
subject  in  general. 

It  may  here  be  stated  that  it  is  presumed  the  student  possesses 
an  elementary  knowledge  of  mathematics ;  with  this  knowledge 
he  will  have  little  difficulty  in  understanding  the  solutions  given 
of  the  difierent  problems  which  will  be  presented  to  him. 

The  two  main  mechanical  principles  upon  which  are  based  the 
calculation  of  stresses  in  structures  are : — 

il)  The  principle  of  moments ; 
2)  The  parallelogram  or  polygon  of  forces. 

These  two  principles  we  shall  briefly  explain  and  illustrate. 

54.  Mechanical  Forces. — A  force  is  a  quantity  which  is  measured* 
by  some  unit  of  weight,  such  as  pounds,  cwts.,  or  tons. 

A  straight  line  may  be  taken  to  represent  a  force — (1)  when 
its  length  measured  to  some  scale,  represents  the  magnitude  of 
the  force  in  lbs.,  tons,  <fec.;  and  (2)  when  its  direction  corre- 
sponds to  the  line  of  action  or  the  direction  of  the  force. 

We  may  say  that  a  force  is  completely  determined  when  we 
know — 

(1)  Its  magnitude, 

(2)  Its  point  of  application, 

(3)  Its  direction. 

Suppose  a  body,  A  B,  whose  weight  is  W  (fig.  6),  to  rest  on  a 
horizontal  surface,  AC;  it  presses  on  the  surface  with  a  force 
equal  to  W ;  the  line  of  action  of  this  force  is  vertical,  and  it 
passes  through  the  centre  of  gravity  of  the  body.  At  the  same 
time  the  surface,  A  0,  is  said  to  exert  an  upward  vertical 
pressure  against  the  body  equal  to  W.  This  upward  pressure  is 
termed  the  vertical  reaction  of  the  eurfoyce^  or  tiic  stipporting  force. 


Digitized  by 


Google 


PBIHCIPLE  OF  UOMmnB 


43 


55.  Forces  of  Compression  and  Tension. — If  two  equal  forces, 
P,  P,  act  on  a  body,  a  b  {&g,  7),  in  a  direction  towards  each  other 
and  in  the  same  line,  the  body  is  in  a  state  of  compresnartj  and  is 
»aid  to  receive  a  thriLst;  the  amount  of  this  compressive  foiee 
being  equal  to  P. 

Members  of  a  structure  which  are  wholly  in  compression  are 
sometimes  called  struts,  cclumns,  or  piUars. 


i  yj 


w 


i^ 


Mg.  (L 


Rg.  7. 


Kg.  8. 


^U^^ 


If  the  two  equal  forces,  P,  P,  act  on  a  &  atoay  from  each 
other  and  in  the  same  line  (see  fig.  8),  the  body  is  in  a  state  of 
iensionj  and  is  said  to  receive  ^pvM;  the  amount  of  the  tensile 
force  being  equal  to  P. 

Members  of  a  structure  which  are  wholly  in  tension  are 
sometimes  called  ties. 

56.  Principle  of  Moments. — Tlte  moment  of  a  force  with  respect 
to  a  fixed  point  is  the  product  of  its  intensity  into  the  per- 
pendicular distance  between  the  point  and  the  direction  of  the 
force. 

The  force  may  be  expressed  in  pounds,  tons,  or  any  other  unit 
of  weight  The  perpendicular  distance  may  be  expressed  in 
inches,  feet,  or  any  other  unit  of  measure. 

If  the  force  and  distance  be  expressed  in  pounds  and  inches 
respectively,  the  moment  will  be  expressed  in  inch^ounds.  If 
they  be  expressed  in  tons  and  feet  respectively,  the  moment  will 
be  expressed  \il  foot-tons,  and  so  on. 

In  .fig.  9,  the  body  A  a  is  supposed  to  be  acted  upon  by  a 
force  P,  in  the  direction  of  the  line  a  P.  A 
is  a  fixed  point  or  pivot  round  which  the 
body  may  revolve.  Draw  A  a  perpendicular 
to  a  P ;  then  the  moment  of  the  force  P 
with  respect  to  the  point  A  is  equal  to 
P  X  A  a ;  and  the  tendency  of  the  force  is 
to  cause  the  body  to  revolve  round  A  in  a 
direction  opposite  to  that  of  the  hands  of  a  Fig.  9. 

elock. 

The  principle  of  moments  may  be  thus  stated — 
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If  any  number  of  forces  acting  in  the  same  plane  on  a  hody^ 
keep  it  in  equilibrium,  or  in  a  state  of  rest,  then  the  sum  of  the 
moments  of  the  forces  which  tend  to  turn  the  body  in  one  direction 
rownd  a  fixed  point,  must  be  equal  to  the  sum  of  ^  moments  of  the 
forces  which  tend  to  turn  it  in  tlie  opposite  direction  round  the  same 
point. 

In  order  to  explain  this  by  the  aid  of  a  diagram,  let  A  B 


1 


Fig.  10. 


(fig.  10)  represent  a  horizontal  rod  or  beam  resting  on  a  fixed 
support  or  fulcrum,  C,  and  let  weights  P^  and  P^  be  suspended 
from  its  extremities.  The  weight  Pj  has  a  tendency  to  turn  the 
rod  round  C  in  the  direction  of  the  hands  of  a  clock,  while  the 
weight  Pj  has  a  tendency  to  turn  it  in  the  opposite  direction. 
If  the  bar  be  in  equilibrium  the  moment  of  P^  with  respect  to 
O  must  be  equal  to  that  of  Pj  with  respect  to  the  same  point;  or 
expressing  the  relationship  by  symbols, 

Pj  X  A0  =  P2  X  BC     .        .         .         (1) 

This  is  also  called  the  principle  of  the  lever. 

Another  condition  of  equilibrium  comes  into  operation  here, 
namely,  the  upward  reaction  at  C,  or  the  supporting  force  is 
equal  to  the  sum  of  the  downward  forces. 

If  R  9  supporting  force,  we  have  (in  symbols) 

R  =  Pj  +  P,         .        •        .        (2) 

This  principle  may  be  thus  stated — 

If  a  loaded  beam  be  supported  by  one  or  more  props,  the  sum  of 
the  upward  reactions  of  these  props  is  equal  to  the  total  weight  on 
the  beam. 

It  is  not  necessary  that  the  external  forces  should  be  parallel, 
or  act  in  a  vertical  direction,  in  order  that  the  principle  of 
moments  should  hold  true.  In  fig.  11,  the  two  forces,  P^  and  P,, 
are  shown  acting  in  directions  which  are  inclined  to  each  other  ; 
let  their  directions  be  produced  so  as  to  meet  at  the  point  O. 
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Let  o:^  and  x^  represent  the  lengths  of  the  perpendiculars  from 
the  point  C  on  these  directions.  If  the  beam  be  in  a  state  of 
rest,  we  have,  as  before, 

Join  O  C,  the  reaction  at  0  acts  along  this  line.     To  find  its 
amount,   set  off  Oa  »  P^  and   Ob  »  Fq;   draw  ac  and  be 


Fig.  11. 

parallel  to  O  B  and  O  A  respectively;  these  lines  will  meet  O  0 
at  the  same  point,  c ;  and  the  line  O  c  will  represent  the  magni- 
tude of  the  reaction  at  C. 

57.  Graphic  Method  of  determining  the  Stresses  on  Framed 
Structures. — ^The  simplest,  and  in  many  cases  the  most  accurate, 
method  for  determining  the  stresses  on  framed  structures  is  by 
means  of  stress-diagrams,  which  must  be  accurately  drawn  to 
scale.  In  such  diagrams  lines  are  made  to  represent  forces, 
both  in  magnitude  and  direction.  By  measuring  these  lines  to 
the  proper  scale,  the  stress  on  any  member  (no  matter  how  com- 
plicated the  structure  is)  may  be  determined.  It  is  assumed  that 
the  different  members  of  the  structure  are  so  connected  together 
by  pins  that  the  joints  are  as  free  to  rotate  as  if  they  were 
hinged;  when  this  is  so,  the  stress-diagram  is  theoretically  a 
perfect  representation  of  the  stresses  on  the  structure.  In  prac- 
tice, however,  this  is  not  generally  the  case,  as  the  connections 
have  a  certain  amount  of  rigidity,  which,  to  a  certain  extent, 
modifies  the  stresses. 

58.  Equilibrium  of  Three  Forces  acting  on  a  Point-Parallelo« 
gram  of  Forces. — A  point  acted  upon  by  forces  is  said  to  be  in 
equilibrium  when  it  is  in  a  state  of  rest  This  occurs  when  the 
forces  balance  each  other. 

A  point  acted  upon  by  a  single  force  cannot  be  in  equilibrium, 
as  it  will  move  in  the  direction  in  which  the  force  acts,  and  will 
continue  to  do  so  as  long  as  the  force  is  applied. 
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If  a  point  acted  upon  by  ttoo  forces  be  in  equilibrium,  the  two 
following  conditions  must  be  fulfilled : — 

1.  The  forces  must  be  equal  to  each  other  in  magnitude. 

2.  They  must  act  in  the  same  straight  line,  but  in  opposite 
directions. 

If  three  forces  acting  in  the  same  plane  on  a  point,  as 
represented  by  three  straight  lines,  be  in  equilibrium,  the 
following  condition  must  be  fulfilled  : — 

If  a  parallelogram  be  drawn  which  has  for  its  adjacent  sides  two 
straight  lines  representing  in  magnitude  and  direction  any  ttoo  of 
the  forces,  then  the  third  force  mtist  be  eqiud  in  magnitvde,  and  act 
in  am,  opposite  direction  to  the  diagonal  oftlie  parallelogram,  drawn 
from  t/ie  junction  of  the  before-mentioned  adjacent  sides. 

In  order  to  illustrate  this,  in  fig.  12,  let  three  forces,  represented 
by  the  three  straight  lines,  O  A,  O  B,  O  0,  act  on  the  point  O  in 
a  direction  away  from  it  (as  shown  by  the  arrow-heads).  Take 
any  point,  Oj  (fig.  13),  and  draw  Oj  A^,  Oj  Oj,  equal  and  parallel  to 


OX ^^-tA 


Fig.  12.  Fig.  13. 

O  A,  O  0  respectively.     Complete  the  parallelogram  Oj  A^  Bj  Oj, 
and  draw  the  diagonal  Oj  Bj.     Now,  if  the  forces  O  A,  O  B,  O  C 

gig.  1 2)  balance  each  other,  O  B  must  be  equal  and  parallel  to 
1  B,  {Bg.  13).  The  diagonal  O  Bj  of  the  parallelogram  A  O  C  B^ 
is  called  the  resultant  of  the  two  forces  O  A  and  O  C ;  and  it 
produces  the  same  effect  on  the  point  O  as  these  two  acting 
together. 

Example  1. — If  two  forces  of  3  and  4  tons  act  on  a  point 
in  directions  at  right  angles  to  each  other  and  away  from  the 
point,  what  is  the  magnitude  and  direction  of  their  resultant 
force? 

In  fig.  14,  draw  a  line  O  A  =  3  tons,  on  any  scale ;  draw  O  B 
perpendicular  to  O  A,  and  make  O  B  =  4  tons  on  the  same  scale.; 
complete  the  parallelogram  A  O  B  0  and  join  0  0.     00  will  re- 
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praaent  the  resultant  of  O  A  and  O  B ;  by  scaling  we  find  it 
—  5  tons.  If  0  0  be  produced  on  the  other  side  of  O  to  Op 
Buddng  O  0^  =  O  0,  then  O  0^  will  balance  O  A  and  O  B. 


Fig.  14. 


Fig.  16. 


50.  Resolntion  of  Forces. — ^We  have  seen  how  the  resultant  of 
two  forces,  or  what  may  be  termed  the  composition  of  foroea^  may 
be  fonnd.  The  converse  of  this,  called  the  resolution  of  forces, 
consists  in  resolving  a  single  force  into  two  others,  acting  in  any 
direction* 

If,  for  example,  we  have  a  single  force,  O  A  (fig.  15),  and 'we 
wish  to  resolve  it  into  two  others  making  angles  a  and  jS  with 
its  direotion,  draw  lines  O  B  and  O  0,  making  angles  a  and  ^ 
respectively  with  O  A ;  through  A,  draw  A  B  parallel  to  O  0, 
and  A  0  parallel  to  O  B ;  then  O  B  and  O  0  will  represent  the 
required  forces  both  in  magnitude  and  direction. 

60.  Triangle  of  Forces.— What  is  known  as  the  principle  of 
1^  triangle  of  forces  is  merely  another  way  of  stating  that  of 
the  parallelc^ram  of  forces. 

The  principle  may  be  stated  thus — 

If  three  forces  acting  at  the  samie  point  are  in  equilibrium,  three 
lines  drawn  parallel  to  them  imU  form  a  triangle,  the  lengths  of  tlie 
sides  of  which  are  proportional  to  the  forces.  In  fig.  12  we  have 
the  three  forces  O  A,  O  B,  O  0  in  equilibrium  and  acting  at  the 
point  O ;  take  a  line  O^  A^  (fig.  13),  parallel  to  O  A ;  through  its 
extremities,  Oj  and  Aj,  draw  O^  B^,  Aj  B^  parallel  respectively 
to  O  B  and  O  0,  and  meeting  at  the  point  B^.  The  sides  of  the 
triangle  A^ O^  B^  are  proportional  to  the  forces  O  A,  OB,  and 
O  0,— namely,  Oj  Aj  :  O,  B^  :  Aj  R  =  O  A  :  O  B  :  O  0;  and  if 
Oj  Ajis  made  equal  to  O  A,  then  O^  B^  and  A^  B^  wiU  be  equal 
k>  O  B  and  O  0  respectively. 
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It  will  be  gathered  from  the  foregoing,  that  if  there  are  three 

forces  meeting  at  a  point,  which  are 
in  equilibrium;  if  their  directions 
be   known;    and,   farther,    if    the 
magnitude    of    one    of    them     be 
known,    then    the  values    of   the 
other  two  can  be  found.     In  order 
to  illustrate  this,  suppose  the  tw^o 
ends,  a  and  b  (fig.  16),  of  a  string, 
a  0  6,  to  be  fixed,  and  a  weight,  W, 
to  be  hung  from  the  point,  o,  it  is 
required  to  determine  the  tensions 
on  the  portions  o  a  and  o  6  of  the  string.     We  have  here  three 
forces  acting  at  the  point,  o,  which  are  in  equilibrium — ^namely, 
the  weight,  W,  which  acts  vertically  downwards,  and  the  tensions 
on  0  a  and  o  h.     Of  these  three  forces  only  one — viz.,  W — ^is 
icnown.     In  order  to  find  the  other  two  we  proceed  as  follows  : — 
On  the  vertical  line  through  o  measure  off  a  distance, 
0  c,  on  any  scale,  equal  to  W.     Through  c,  draw  c  a^, 
c  b^  parallel  respectively  to  o  6  and  o  a  and  meeting 
these  lines  produced  in  b^  and  a^.     Then  the  lines, 
oa^  and  ob^j  which  are  the  sides  of  the  parallelogram, 
oa^c  6i,  will  re])resent  the  tensions  on  o  a  and  o  6  re- 
spectively ;  and  their  amounts  may  be  determined 
by  measuring  their  lengths  on  the  scale, 
be  generally  found  more   convenient,   especially  in 
complex  structures,  to  have  a  separate  diagram   showing  the 
stresses  on  the  different  members  of  the  structure,  apart  from 
the  figure  representing  it.      Thus,  in  the  case  we  have  been 
-considering,  take  a  vertical  line,  o^  c^  (fig.  17),  to  represent  the 
weight,  W ;  through  its  extremities  o,  and  c^  draw  o^  b^  and  c,  ft^ 
parallel  respectively  to  o  a  and  o  6,  and  meeting  at  the  point,  o^. ; 
these  lines  will  represent  the  stresses  on  the  strings  o  a  and  o  o. 
The  diagram  in  fig.  17  is  called  the  stress-duigram. 

The  above  is  the  graphic  method  of  finding  the  stresses  on  the 
string. 

Analytical  Method. — The  stresses  may  be  found  analytically 
thus : — If  0  a,  o  6  make  angles  a  and  JS  respectively  with  a  6, 
we  have  the  following  equations  : — 

Stress  on  o  a  »  W  sin.  a. 
Stress  on  0  6  =  W  sin.  j3. 

Suppose  for  example  that  W  =  100  lbs. ;  and  a  =  jS  =  45% 


Fig.  17. 
It  wUl 


then  stress  on  o a  »  stress  on  oh  ^ 


100  sin.  45*  =  ^  =  70-7  lbs. 
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Example  2. — ^In  fig.  18,  a  weight  of  5  tons  is  shown  suspended 
from  the  extremity,  o,  of  an  inclined  prop,  o  by  the  other  extremity 
of  which  rests  against  a  wall.  A  horizontal  tie,  oa,  is  fastened 
to  o,  and  the  other  end  fixed  to  the  wall.  If  o  a  »  8  feet  and 
ah  =  %  feet^  determine  the  stresses  on  o 6  and  o a. 

On  the  vertical  line  through  o,  set  off  o  c  =  5  tons ;  through  c 
draw  e  d  parallel  to  o  a  and  meeting  ohvELd;  then 

o  d  (hy  scale)  «  8'3  tons  =  compressive  stress  on  o  6, 
e  d  (by  scale)  =  6*6  tons  »  tensile  stress  on  o  a. 

Exam/pie  3. — Fig.  19  represents  a  simple  roof  truss  resting  on 
two  waUs,  and  consisting  of  two  rafters,  AG,  0  B^  equally 


Fig.  18. 


Fig.  19. 


inclined  to  the  horizontal  at  an  angle  of  30"*,  and  a  horizontal  tie, 
A  B,  connecting  the  feet  of  the  rafters  together.  Determine  the 
stresses  on  the  rafters  and  tie-beam,  if  a  weight  of  4  tons  be 
placed  on  the  apex,  0. 

The  supporting  force  on  each  wall  =  2  tons. 

On  the  vertical,  through  A,  set  off  A  a  =  2  tons ;  draw  a  a^ 
parallel  to  A  B ;  then 


A  o^  =  compressive  stress  on  rafters  '■ 


4-0  tons  by  scale; 


»j  »  tensile  stress  on  tie  =  3*46  tons  by  scale. 

These  results  may  be  verified  analytically  thus : — 

Aoi  =  Aa  X  sec.  60'  =  2  X      2  =  4  tons; 
aoi  s  Aa  X  tan  60*  =  2  x    J^  =^  3*46  tons,  the  same  as 
£>und  by  the  graphic  method. 

4 
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Another  method  of  graphically  determining  the  stresses,  is  to 
set  off,  on  the  vertical  through  0,  0  c  =  4  tons,  draw  c  c^  parallel 
to  B C,  meeting  AC  in  e^;  draw  c^ e^  parallel  to  A  B,  meeting 
0  6  in  Cg ;  then 

compressive  stress  on  rafters  =  C(^  =  cc^  =  4:  tons,  as  before ; 
tensile  stress  on  tie  =»  c^^  c^  =  3 '46  tons,  as  before. 

By  adopting  this  latter  plan,  we  are  saved  the  trouble  of  find- 
ing the  supporting  foroes  at  the  abutments. 

61.  Polygon  of  Forces.  —  If  ariy  number  of  known  forces 
lying  in  the  same  plane  act  on  a  point,  it  is  always  possible 
to  ^od  their  resultant.  In  fig.  20  let  the  f(m;es  P^  P^i  P^, 
P4,  and  P5,  be  represented,  both  in  magnitude  and  direction, 
by  the  straight  lines  O  P^  O  P^,  O  Pg,  O  P^,  and  O  P5,  and 
act  on  the  point  O.  First  find  O  B^,  the  resultant  of  Pj  and 
Pgy  as  explained  for  the  parallelogram  of  forces.     Next  find 


Pig.  20. 

O IL,  the  resultant  of  O  Rj  and  P3 ;  O  Rg  will,  therefore,  be  the 
resultant  of  the  three  forces  P^,  Pg,  Ps-  Next  find  O  lU,  the 
resultant  of  O  B^  and  the  fourth  force  P^ ;  and  so  on.  If  the 
five  forces  shown,  be  in  equilibrium,  their  resultant  will  be  zero  ; 
in  which  case  O  B^  will  be  in  the  same  line  with  Pg,  and  equal 
to  it  in  magnitude.  It  is  not  necessary  to  construct  the  parallelo- 
grams in  finding  the  successive  results ;  the  method  of  procedure 
being  as  follows : — 

Through  P^  draw  P^  R^  equal  and  parallel  to  O  Pj ; 
through  Rj  draw  R^  Rj  ^q^al  and  parallel  to  O  P3 ; 
through  Rj  draw  Rj  Rg  equal  and  parallel  to  O  P^ ; 


and  so  on. 
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If  the  forces  be  in  equilibrium,  O  P^  R|  B,  B^  O  will  form  a 
closed  polygon.     This  polygon  may  be 
drawn  separately,  as  shown  in  fig.  21, 
by   making   o^p^  =  P^,  and   drawing 

Pi  ^v  **!  ^21  ^2  ^8>  *^^  ^8  ^1  parallel  re- 
spectively to  Pp  Pj,  P^  and  Pg.  If  the 
forces  be  in  equilibrium,  Oj  ^^  rj  rg  rg  o^ 
will  form  a  closed  polygon. 

The  principle  of  the  polygon  of  forces, 
which  is  merely  an  amplification  of  the 
principle  of  the  parallelogram  of  forces.  Fig.  21. 

may  be  thus  stated — 

If  any  number  of  forces  atixng  on  a  fdrd  be  in  equilibrium, 
and  lines  be  draion  successivdy  in  the  directions  of  the  forces  and 
proportional  to  their  magnitudes,  these  lines  wiU  form  a  closed 
polygon. 

If  any  number  of  forces  acting  on  a  point  be  in  equilibrium, 
and  if  all  the  forces  be  known  \K>th  in  magnitude  and  direction, 
except  two,  it  is  always  possible  to  determine  the  magnitude  of 
these  when  their  directions  are  known.  For  it  is  only  necessary 
to  determine  the  resultant  of  the  known  forces  in  the  manner 
already  described.  This  resultant  is  also  the  resultant  of  the 
two  unknown  forces;  so  that  we  then  have  the  whole  system 
reduced  to  three  forces  in  equilibrium,  one  of  which  is  known, 
and  the  other  two  can  be  determined  in  the  manner  already 
described  for  the  parallelogram  of  forces. 


CHAPTER   V. 

EZTBSKAL  LOAIMI  OK  BEAMS;  SUPPORTING  F0BCE8. 

62.  XHfferent  EindB  of  Beams. — ^The  term  beam^  when  used  in 
connection  with  constructional  work,  is  the  name  given  to  any 
member  of  the  structure  which  is  exposed  to  transverse  stresses, 
whether  the  material  of  which  it  is  composed  be  timber,  iron,  or 
steel.  TTie  term  'girder  is  usually  restricted  to  beams  made  of 
iron  or  steel,  and  of  a  flanged  form — ^that  is,  consisting  of  a  top 
and  bottom  flange  connected  by  a  web.  In  this  work  the  terms 
''beams"  and  "girders"  will  be  used  indiscriminately  as  meaning 
the  same  thing. 

A  simple  beam  or  girder  is  one  which  is  supported  at  its  ex- 
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tremities  and  loaded  at  a  point,  or  points,  intermediate  between 
them. 

A  semtrbeam  or  aemi-ffirder  is  a  beam  or  girder  Jioced  at  one 
extremity  only,  and  free  at  the  other.  The  term  cantilever  is 
also  applied  to  this  form  of  beam. 

A  contmuous  beam  or  girder  is  one  supported  at  three  or  more 
points. 

Figs.  22,  23,  and  24  represent  the  three  kinds  of  beams  re- 
ferred to.  A  B,  fig.  22,  is  the  simple  beam,  which  rests  on  the 
two  supports,  A  and  B,  usually  termed  <<  abutments,"  and  loaded 
at  an  intermediate  point  with  a  weight,  W. 

Fig.  23  represents  a  semi-beam  or  cantilever,  which  is  fixed  at 
one  end.  A,  to  a  wall  or  other  support,  termed  the  abutment, 
and  loaded  at  the  other  end,  B. 


^^ii^ 


Jw) 


Fig.  22L  Fig.  23. 

Fig.  24, 

Fig.  24  represents  a  continuous  beam  resting  on  three  supports, 
A,  0,  and  B.  As  before,  the  supports,  A  and  B,  are  called 
"abutments,"  while  the  intermediate  support^  0,  is  termed  a 
"pier."  The  beams  are  all  supposed  to  rest  in  a  horizontal 
position,  and  the  horizontal  distances  between  A  and  B  (fig.  22), 
and  between  A  and  0  and  0  and  B  (fig.  24),  are  termed  the 
"  spans  "  of  the  beams. 

63.  External  Forces  on  Beams.— When  a  rigid  beam,  as  in 
^g.  22,  is  loaded  at  one  or  more  points,  these  loads,  or  weights, 
act  downward  in  a  vertical  direction,  and  they  develop  forces  at 
A  and  B,  which  act  upwards  in  a  vertical  direction.  These 
upward  forces  are  termed  the  "  reactione  "  at  the  points  of  support, 
or  tfie  supporting  forces.  All  these  vertical  forces  are  termed  the 
external  forces  acting  on  the  beam,  in  contradistinction  to  the 
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forces  produced  in  the  fibres  of  the  beam  itself,  which  are  termed 
internal  forces,  and  which  will  be  considered  in  a  future  chapter. 

The  forces  which  act  downwards  may,  for  the  sake  of  con- 
venience, be  considered  positive,  and  those  which  act  upwards 
TiegcUive. 

Since  all  the  forces  are  parallel  and  act  in  one  plane,  there  are 
two  conditions  which  must  be  fulfilled  in  order  that  the  beam 
may  be  in  a  condition  of  equilibrium : — 

(1)  The  sum  of  the  upward  forces  must  be  equal  to  that  of 
the  downward  forces ;  or,  in  other  words,  the  algebraic  sum  of 
all  the  forces  must  be  zero. 

(2)  The  sum  of  the  moments  of  the  forces  which  tend  to  turn 
the  beam  in  one  direction  must  be  equal  to  that  of  those  which 
tend  to  turn  it  in  the  other  direction  ;  or,  the  algebraic  sum  of 
the  moments  of  the  forces  with  reference  to  any  point  must  be* 
zero. 

As  regards  loads  on  beams,  there  are  usually  recognised  three 
varieties : — 

(1)  Loads  concentrated  at  one  or  more  points,  which  are 
known  as  concentrated  loads. 

(2)  Loads  uniformly  distributed  over  the  whole  or  cei-tain 
parts  of  the  beam.  These  are  known  as  uni/ormly-distribtUed 
loads  and  are  measured  by  so  many  lbs.,  cwts.,  or  tons,  per  lineal 
foot  of  the  beam  or  span. 

(3)  Loads  made  up  of  a  combination  of  the  two  former,  or 
those  which  are  partly  distributed  and  partly  concentrated. 

64.  Beam  Resting  on  Two  Supports  and  Loaded  with  a  Single 
Weight. — In  fig.  22,  let  m  and  n  be  the  segments  into  which  the 
weight,  W,  divides  the  span,  and  let  P  and  Q  represent  the 
reactions  at  the  abutments  or  the  supporting  forces ;  then,  by 
the  conditions  of  equilibrium  already  given,  we  have 

P  +  Q  =  W       .         .        .        (1), 

and  taking  moments  about  A ;  since  the  force,  W,  tends  to  turn 
the  beam  about  this  point  in  the  direction  of  the  hands  of  a 
clock,  and  the  force^  Q,  tends  to  turn  it  in  the  opposite  direction, 
we  get 

W  X  «i  =  Q  (m  +  w)  .        .        (2). 

We  have  here  two  equations,  from  which  the  values  of  the  two 
unknown  quantitieSi  P  and  Q,  may  be  determined.  Beducing, 
ire  get 

Q«W.— ^       .        .        .        (3), 
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P  =  W-^^    .    ,.     .     (4). 

This  latter  expression,  giving  the  value  of  P,  may  also  be  got 
directly  by  taking  moments  about  B. 

If  W  is  in  the  centre  of  the  beam,  m  —  n  =  -^y  where  I  =■  span. 
Substituting  these  values  in  the  last  two  equations,  we  get 

which  shows  that  when  a  weight  rests  in  the  centre  of  the 
beam,  the  reactions  at  the  abutments  are  equal  to  each  other, 
each  being  equal  to  one-half  the  weight. 

It  wiU  be  noticed  that  in.  the  above  investigation  the  weight  ' 
of  the  beam  itself  is  not  taken  into  consideration,  and  unless 
otherwise  stated,  in  all  future  examples  this  will  also  be  the 
case. 

Example  1. — ^A  beam,  20  feet  span,  supports  a  load  of  30  tons 
situated  at  a  point  7  feet  from  the  left  bearing.  Find  the  sup- 
porting forces,  or  the  reactions,  at  the  bearings. 

Adopting  the  same  notation  which  we  have  just  been  using, 
we  get — 

j»  =  7,        «  =  13,        W  :^  30. 

From  equations  (3)  and  (4) — 

Q  =  30  X  ~  =  10-5  tons. 

13 

P  s-  30  X  2Q  =  19-5  tons. 

If  the  weight  is  at  the  centre  of  the  beam, 
P  =  Q  =  ^  =  15  tons. 

Example  2. — ^If  the  supporting  forces  at  the  left-  and  right-hand 
supports  of  a  beam,  30  feet  span,  on  which  is  placed  a  single 
load,  be  27  and  13  tons  respectively  :  determine  the  load  and  its 
position  on  the  beam. 

The  load  W  -  P  +  Q  =  27  +  13  =  40  tons. 
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Q 

From  equation  (3)  (by  transposiBg)  m  »  w^  x  /, 
or  f»  »  ^  X  SO  =:  9-75  feet ;  n  »  30  -  9-75  -  20*35  feet 

The  beam  is,  therefore,  loaded  with  40  tons,  placed  at  a 
distance  of  9*75  feet  from  the  left  support. 

65.  Beam  Resting  on  Two  Snp^rts  and  Loftded  with  Two  nr 
more  Weights, — Fig.  25  represents  a  beam  loaded  with  weights, 

Q 
^      ^       ^       ^ 


Pig.  25. 

Wp  Wj,  Wj,  W^,  whose  distances  from  the  left  support  are 
respectively  a^y  x^  x^  x^. 

Applying  the  two  conditions  of  equilibrium,  we  get — 

P  +  Q  =  Wi  + W3  + W3  + W^*  3W    .        {5y 

where  the  symbol  2  W  signifies  the  sum  of  Wj,  Wj,  Wj,  W^. 
Taking  moments  about  A,  we  get — 

Q  X  ^  =  W^Xj^  +  WgOTj  +  Wgfl^  +  W^a;^  =  2  Wx; 

or,  Q  =  —J—       .        .        .        (6). 

Similarly,  by  taking  moments  about  B,  we  get — 
P  X  l^W^{l  -  x^  +  W^l--x^)^W^{l'-x^)  +  W^{l  -  x^)^tW(l-x); 

or.P  =  l^i^.        .        .       (7). 

P  may  also  be  found  directly  from  equation  (5)  when  Q  is 
known,  and  vice  versd. 

66.  Beam  Resting  on  Two  Supports  and  Loaded  with  a  Distri- 
buted Weight. — In  the  case  of  a  load  uniformly  distributed  over 
the  whole  or  part  of  the  beam,  it  is  only  necessary  to  find  the 
centre  of  gravity  of  the  load,  and  consider  it  as  a  concentrated 
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load  acting  at  this  point,  and  then  to  find  the  supporting  forces 
(as  explained  in  the  first  case). 

If  a  beam  of  span,  I,  support  a  uniformly-distributed  load  of 
uf  tons  per  foot  over  its  whole  length,  the  total  load  W  =  wl, 

and  each  of  the  supporting  forces  «  ^--, 

If  the  load  only  covers  part  of  the  beam,  as  is  shown  in. 
fig.  26,  the  supporting  forces  may  be  found  thus — 


Fig.  26. 

Let  the  left-hand  portion  of  the  beam  for  a  distance,  x,  be 
loaded  with  w  per  foot, 

Total  load  W«u7a^ 

I)istance  of  its  centre  of  gravity  from  the  left  support  =  -. 

2 
Taking  moments  about  A  and  B  in  succession,  we  get 

Q  X  ^  =  i^o;  X  |,  or  Q  =  !^,  and 

Px?  =  «,.(;-f).,..P  =  1^5(|^:^. 

Example  3.— The  span  of  a  beam  is  52  feet,  and  it  supports 
loads  of  10,  15,  and  20  tons,  resting  at  points  which  divide  the 
span  into  four  equal  parts.  Find  the  pressures  on  the  two 
supports. 

Wl  =  10.     Wj  =  15.     W3  «  20. 
«!  :*  13.       x^=-  26.       a?3  =  39.     ^  =  52. 

From  equations  (6)  and  (7) 

^      10  X  13  +  16  X  2G+20x  39      ^, 

Q  = 52 "^  ^^  ^^^ 

^      10  X  39  +  15  X  26  +  20  X  13      ^^ 

■P  = 52 =20ton8. 
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P  +  Q  »  25  -I-  20  =  45  tons,  the  total  weight  on  the  beam^ 
-which  is  a  check  on  the  result. 

Example  4. — Three  wheels  of  a  locomotive  rest  on  a  girder 
60  feet  span.  The  centre  of  the  driving  wheel  is  6  feet  6  inches 
from  eadi  of  the  others,  and  20  feet  from  the  left  abutment,  and 
it  transmits  a  load  of  15  tons — that  transmitted  by  each  of  the 
others  being  8  tons.  Determine  the  pressure  which  the  girder 
exerts  on  the  abutments. 

Wi=    8.       Wj=16.     W5=    8.       2W  =  31. 

x^  =  13-5.       jBj  =  20.      rr^  =  26-5.  I  =  CO. 

^      8  X  13-5  +  15  X  20  +  8  X  26-5      ,^,  , 
Q  = ^ =  10^  tons. 

P  =  31  -  lOJ  =  20f  ton& 

If  the  weight  of  the  girder  itself  be  20  tons,  the  total  weights 
on  the  abutments,  taking  this  into  consideration,  will  be  20^  tons 
and  30f  tons  respectively. 

Exaanple  5. — ^A  railway  train  200  feet  long,  and  of  a  uniform 
weight  of  2  tons  per  lineal  foot,  comes  gradually  on  to  a  bridge  of 
300  feet  span  from  the  left.  Find  the  pressure  of  the  girders  on 
the  abutments  (the  weight  of  the  bridge  itself  not  being  con- 
sidered). 

(1)  When  150  feet  of  the  train  are  on  the  bridge,  the  remainder 
being  on  the  left  abutment. 

(2)  When  the  whole  train  is  on  the  bridge,  the  left-hand  end 
being  60  feet  from  the  left  abutment. 

In  the  first  case,  the  weight  of  the  train  on  the  bridge 
=  150  X  2  =  300  tons ;  the  centre  of  gravity  of  the  load  is 
75  feet  from  the  left  abutment. 

p  =  ^"^  ;^^^  «  225  tons.      Q  -  300  -  225  =  75  tons. 

In  the  second  case,  W  »  200  x  2  »  400  tons. 

X  =:  distance  of  centre  of  gravity  of  train  from  left  abut« 
ment  =  160  feet. 

p  =  ^^^^  =  186-6  tons.    Q  =  400  -  186-6  =  213-3  tons- 
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If  the  bridge  consist  of  two  main  girders,  the  pressures  of  the 
ends  of  the  girders  on  the  abutments  will  be  cpn^wlfoi  P  and  Q 
as  found,  that  is,  supposing  the  rails  to  lie  mid- way  between  the 
girders. 

67.  Beams  projecting  over  one  Support. — Fig.  27  is  an  example 
of  a  beam,  A  0,  which  projects  over  one  of  the  supports,  B,  the 
end,  0,  being  free.     If  this  end  be  loaded  with  a  weight,  W,  its 


® 

—  o 


^^^ 


Pig.  27. 

action  is  to  cause  the  beam  to  turn  round  B  as  a  fulcrum, 
the  end  A  being  lifted  off  its  bearing,  unless  it  is  anchored 
4own. 

Let  P  =  stress  on  the  anchor  bolts, 
Q  =  reaction  of  the  support  B, 
W  =  weight  placed  on  the  end  0. 
Let  AB  =iiandBO  =  Zj. 

Taking  moments  about  B  we  get — 

P  X  Zi  =  W  X  Zjj  orP  =  -y^. 

Taking  moments  about  A  we  get — 

Q  X  Z,  =  W{1^  +  y ;  or  Q  =  Wi-^  =  Wj 

ifZ  =  Zi  +  /2. 

If  the  beam  be  loaded  with  a  second  weight,  W^,  placed  at  a 
distance,  x^,  from  A,  we  get,  by  the  same  process, 

Q  X  Z^  =  Wia;i  + WZ;orQ  =  ^l-SjtZJ. 

Taking  moments  about  B  we  get — 
W,(Z,  -  a:,)  ±  PZi  =  W  X  Z,;  or  ±  P  =  ^^"^^^^"^l 

If  W  Zjj  be  greater  than  Wj  (l^  -  »i),  P  will  be  positive,  and  act 
in  a  downward  direction,  so  that,  unless  the  beam  be  anchored  at 
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tbis  end  it  will  be  lifted  off  the  bearing.  If,  on  the  other  hand, 
Wj  (^1 "  ^i)  ^6  greater  than  W  ^^  P  will  be  negative,  and  will  act 
in  an  upward  direction.  In  other  wordc,  the  beam  will  exert  a 
downward  pressure  on  the  abutment  A,  and  will  not  require  to 
be  anchored. 

There  will  be  little  difficulty  in  finding  the  supporting  forces 
in  beams  of  this  description  when  loaded  with  any  number  of 
weights,  either  concentrated  or  distributed,  and  placed  in  any 
position. 

Example  6. — A  beam,  A  C,  20  feet  long,  is  supported  on  two 
bearings,  A  and  B,  in  the  manner  shown  in  fig.  27,  A  B  being 
equal  to  12  feet  and  BO  =  8  feet.  The  portion  BC  is  covered 
with  a  uniform  load  of  50  lbs.  per  foot,  and  a  concentrated  load 
of  100  lbs.  acts  at  a  point  on  the  beam  6  feet  to  the  left  of  B. 
Determine  the  upward  reaction  at  the  bearing  B,  and  also  the 
nature  and  amount  of  the  reaction  at  A. 

The  load  on  B  C  ^  8  x  50  =  400  lbs.,  and  its  centre  of  gravity 
is  4  feet  to  the  right  of  B. 

Taking  moments  about  A  we  get — 

Q  X  12  =  400  X  16  +  100  X  6;  or  Q  =  583-3  lbs. 
Taking  moments  about  B  we  have — 

P  X  12  =  400  X  4  -  100  X  6;  or  P  =3  833  lbs. 

It  will  be  necessary,  therefore,  to  anchor  the  end  A,  the 
stress  on  the  anchor  bolt  being  83*3  lbs. 

Example  7.— In  fig.  27,  ^^  =  20  feet ;  l^  =  30  feet ;  the  portion 
A  B  of  the  beam  is  loaded  with  a  distributed  weight  of  ^  ton 
per  foot.  The  end  A  is  anchored  to  the  abutment  by  means  of 
a  single  bolt  2  inches  in  diameter.  What  weight  placed  at  the 
extremity  of  the  beam  O  will  produce  a  tensile  stress  of  5  tons 
per  square  inch  on  the  sectional  area  of  the  bolt! 

Sectional  area  of  bolt  =  3*1416  square  inches. 
Total  stress  on  bolt  =  5  x  31416  =  15*71  tons. 
Let  W  =  required  load. 

Taking  moments  about  B,  we  get — 

W  X  30  =  15-71  X  20  +  10  X  10;  or  W  =  13-8  tons. 

Example  8.— In  fig.  27,  A  B  =  10  feet.  Two  weights  of  20 
tons  and  30  tons  are  suspended  from  the  arm  B  0  at  distances 
of  15  feet  and  20  feet  from  B  respectively.  The  end  A  of  the 
beam  is  anchored  to  the  abutment  by  two  bolts  of  equal  diameter. 
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Determine  the  diameters  of  these  bolts,  so  that  they  may  be 
subjected  to  a  stress  of  4  tons  per  square  inch. 

If  P  s  total  stress  on  the  bolts,  by  tAking  moments  about  B, 
we  have — 

P  X  10  «  20  X  15  +  30  X  20;  or  P  =  90  tons; 

that  is,  45  tons  on  each  bolt. 

45 

The  sectional  area  of  each  bolt  =  -j-  =  11*25  square  inches. 

If  a?  =  diameter  of  bolts,  -7854  jc*  -  11.25;  or  a;  =  3-8  inches. 
68.  Beams  projecting  over  both  Supports.— Fig.  28  shows  an 


&^° 


Pig.  28. 

arrangement  where  the  beam  projects  beyond  its  supports  in  the 
form  of  two  cantilevers. 

As  before,  let  P  and  Q  represent  the  supporting  forces  : — 

Let  I  =  length  of  beam  between  the  supports ; 
li  and  ^2  =  lengths  of  projecting  arms. 

W,  and  W3  are  weights  placed  at  the  extremities  A  and  D  ; 
and  Wj  is  a  weight  resting  on  the  central  bay  at  a  distance  x 
from  B. 

It  is  required  to  determine,  for  a  beam  under  these  conditions, 
expressions  for  the  values  of  the  supporting  forces  P  and  Q. 

Taking  moments  about  B  and  C  successively,  we  obtain — 

Q  X  ^  +  Wj  X  ij  =:  Wj  X  oj  +  W,  X  (?  +  Zj), 
from  which  we  obtain  by  reducing — 

Al8oPxZ+W,x?j- W,(/-«)  +  Wj(Z  +  i,);  or 
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From  these  two  equations  we  get  P  +  Q  =  W^  +  Wg  +  W, 
which  proves  their  accuracy. 

Example  9. — ^A  beam  50  feet  long  rests  on  two  supports  20 
feet  apart ;  the  left-  and  right-hand  ends  projecting  beyond  the 
supports  18  feet  and  12  feet  respectively.  Loads  of  10  and  15 
tons  rest  on  these  ends,  and  a  load  of  20  tons  rests  on  the 
central  bay  at  a  distance  of  7  feet  from  the  left  support  Deter- 
mine the  supporting  forces. 

Referring  to  fig.  28,  we  find 

Wi  =  10  tons.     Wg  =  20.     Wj  =  15. 

^  =  18.  Z  =  20.        Zg  =  12.     x  =  7. 

Substituting  these  values  in  equations  (8)  and  (9),  we  get 

^      20  X    7  +  15  X  32  -  10  X  18      „^  ^ 
Q  =  20 =  ^^  ^^ 

^      20  X  13  +  10  X  38  -  15  X  12      „«  ^ 
P  = =  23  tons. 

P  +  Q  =  22  +  23  =  45  tons  =  Wj  +  Wg  +  W3, 
which  gives  a  check  on  the  result. 

Example  10. — In  the  last  example,  if  the  beam  be  loaded  with 
a  distributed  weight  of  3  tons  per  foot,  determine  the  supporting 
forces. 

Wj  =  18  X  3  =  54  tons.      W,  =  20  x  3  =  60  tons. 
W3  =  12  X  3  =  36.     Zi  =  9.     Z  =  20.     l^  ^  6.    x  =  10. 
Substituting  these  values  in  equations  (8)  and  (9),  we  obtain 

^      60  X  10  +  36  X  26  -  54  X  9      .„  .  ^ 
Q  = — =  52-5  tons. 

P  =  60x10-^54^x29-36x6  ^  ^^.^  ^^^ 

P  +  Q  =  150  tons  =  total  load  on  beam. 

69.  Continuous  Beams. — In  fig.  24  we  have  an  example  of  a 
beam  resting  on  three  supports — one  at  each  end  and  one  inter- 
mediate. Such  a  beam  is  said  to  be  a  continuous  beam  of  two 
spans.  If  the  beam  rest  on  four  supports,  it  is  a  continuous 
beam  of  three  spans ;  and  so  on. 

At  first  sight  it  would  appear  that  in  beams  of  this  class  the 
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reactions  at  the  various  points  of  support  would  be  the  same  as 
if  the  beam  were  disconnected  at  the  points  of  support  into  a 
number  of  independent  beams  ;  but  this  is  not  so,  as  will  appear 
more  dearly  when  we  come  to  discuss  the  bending  moments  on 
continuous  beams. 

Consider  fig.  24  to  represent  a  beam  continuous  over  two 
equal  spans,  Z,  and  uniformly  loaded  with  w  per  unit  of  length. 
The  total  weight  on  the  beam  will  then  he  2wl. 

If  the  beam  be  cut  through  at  G,  so  as  to  form  two  independent 
beams,  we  should  have — 

The  load  on  the  central  pier  =  toL 
The  load  on  each  abutment    =  -^ , 

If  the  beam  be  continuous,  the  total  load  on  the  pier  and  the 
two  abutments  remains  the  same  as  before,  namely,  2wl;  but 
its  distribution  is  quite  altered. 

If  the  central  pier  be  a  little  higher  than  the  side  abutments, 
the  total  weight  of  the  beam,  2  «?  ^,  will  rest  upon  it,  and  there 
will  be  no  pressure  on  the  abutments.  The  beam  would  then 
consist  of  a  double  cantilever  resting  on  0,  the  two  arms  being 
C  A  and  0  B. 

If  the  central  support  be  lower  than  the  side  supports,  the 
total  weight  of  the  beam  would  be  carried  by  the  side  supports 
alone,  the  pressure  on  each  being  equal  to  wl;  while  there 
would  be  no  pressure  on  the  centre.  Usually  the  three  sup- 
ports are  considered  to  be  in  the  same  horizontal  line,  and  the 
actual  pressures  upon  them  will  be  somewhere  between  the  two 
extreme  cases  considered.  These  pressures  cannot  be  deter- 
mined by  the  principle  of  the  lever,  and  recourse  must  be  had 
to  a  method  which  involves  very  tedious  and  intricate  calcula- 
tions. It  is  not  proposed  to  go  into  this  analysis  here ;  those 
who  wish  to  do  so  will  find  the  subject  fully  treated  in  the 
works  of  Humber,  Stoney,  and  other  writers. 

In  actual  practice  it  is  not  advisable  to  adhere  too  closely  to 
merely  theoretical  rules  in  the  case  of  continuous  beams.  A 
slight  elevation  or  depression  of  one  or  more  of  the  points  of 
support  will  alter  to  a  large  extent  the  amount  of  the  supporting 
forces ;  and,  consequently  (as  will  be  seen  in  a  future  chapter), 
the  bending  moments  and  stresses  on  the  beam  will  also  be  alterea. 
It  must  be  borne  in  mind  that  practically  all  girders  are  more 
or  less  flexible ;  if  this  were  not  so,  continuous  girders  oould  not 
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be  employed  at  all,  and  it  would  be  impoasible  to  investigate 
their  strengtii. 

70.  Gonfcumoiis  Beam  of  Umfoim  Section  and  of  Two  Eqnal 
Spans,  each  Loaded  Unifonnly  thronc^ont  its  entire  Length.— In 
fig.  29, 

Let  AC  =  CB»28  length  of  each  span ; 
w  =■  load  per  unit  of  length  on  A  C ; 
v\  =  load  per  unit  of  length  on  C  B ; 
P,  K,  Q  =  reactions  at  the  three  points  of  support,  A,  0» 
and  B  respectively. 

p  R 


Fig.  29. 

We  have  the  following  two,   amongst  other  conditions  of 
equilibrium : — 

By  taking  moments  about  0  we  get — 

P.Z-w/x  |  =  Q^  -  fi^i^  X  i        .         (10). 

Ako,  P  +  B.  +  Q  =  (m7  +  tTj)  ^       .        .        (11). 

It  may  be  shown  firom  these,  and  other  relationships,  that 

P  =  l!£-J?i.;    .       .       .       (12). 

^-'-^^^.l    ...       (13). 
R=g(w  +  ti»i)i    .        .        .        (14). 

If  the  intensity  of  load  on  both  spans  be  the  same,  ve  hare 
«0  s  tOj  J  and  the  supporting  forces  become 

P  =  Q  =  |tt,?        .        .        .         (15). 
R  =  j»/        .        .        .        (16). 
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Example  11. — A  continuous  girder  of  two  equal  spans,  50  feet 
each,  is  loaded  with  a  uniform  weight  of  2  tons  per  foot  on  the 
left-hand  span,  and  3  tons  per  foot  on  the  other  span — ^What 
are  the  pressures  on  the  three  points  of  support  1 

We  have — 

w  =  2,        M7i  =  3,        1  =  50. 

Substituting  these  values  in  equations  (12),  (13),  and  (14),  we 
liave — 

p  =  ^  ""Ji'^  X  50  =  34-375  tons. 


16 

:  3- 

16 


Q  ^  ^  ^^"^  X  50  =  59-375  tons. 


R  =  |(2  +  3)  X  50  =  156-25  tons. 

If  this  girder  be  divided  over  the  central  support,  so  as  to 
produce  two  independent  girders,  the  supporting  forces  would 

P  =  50,        Q  =  75,        R  =  125. 

It  will  be  seen,  therefore,  that  the  effect  of  giving  continuity 
to  the  girder,  is  to  increase  very  much  the  pressure  on  the 
centre-support  and  to  diminish  it  on  the  side-supports.  In 
consequence  of  this,  it  is  not  advisable,  in  actual  work,  to  use 
continuous  girders  where  the  foundations  for  the  piers  are 
unreliable.  There  are  two  reasons  for  this — 1st,  because  the 
pressure  on  the  pier  is  increased;  2nd,  if  the  foundations 
fiubside  the  whole  character  and  amount  of  the  stresses  in  the 
main  girders  are  altered. 

Example  12. — A  railway  bridge,  carrying  a  double  line  of 
rails,  crosses  a  ravine  400  feet  in  clear  width  between  the 
abutments.  The  platform  is  carried  by  two  main  girders,  which 
are  supported  at  their  centres  by  an  intermediate  pier;  the 
girders  being  continuous  over  the  pier.  If  the  dead  weight  of 
the  superstructure  be  equal  to  2  tons  per  foot,  and  the  weight 
of  a  train  of  carriages  be  equal  to  1^  tons  per  foot ;  determine 
the  pressures  on  the  pier  and  abutments  when  the  bridge  is 
fully  loaded  with  two  trains. 

Dead  load  on  each  span  =  200  x  2  «  400  tons ; 
Live  load  on  each  span  «=  2  x  200  x  1^  =  500  tons; 
Total  load  on  each  span  »  900  tons. 
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We  hfive,  therefore,  from  equations  (15)  and  (16) — 

Total  pressure  on  pier  =  2  ^  ^^^  =  1,125  tons, 

3 
Total  pressure  on  each  abutment  =  7;  x  900  =  337-5  tons. 

71.  Continaoas  Beam  of  Unifonn  Section  and  of  more  than 
Two  Eqi:^  Spans,  each  Loaded  Uniformly  throaghont  its  entire 
Length. — By  means  of  the  theorem  of  three  moments,  which  is 
due  to  Clapeyron,  the  pressures  on  the  piers  and  abutments  of 
continuous  beams  of  any  number  of  spans,  whatever  may  be 
their  dimensions,  and  however  loaded,  may  be  calculated.  The 
investi^tion  is  too  abstruse  and  tedious  to  be  introduced  here. 
The  foDowing  table,  however,  gives  the  result  of  these  calcula- 
tions up  to  5  spans  ;  the  spans  being  all  equal  to  each  other,  and 
the  distributed  load  being  uniform  throughout. 


I   =  length  of  each  span. 
w  =  load  per  unit  of  length. 

TABLE  XVL 
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From  this  table  it  will  be  seen  that  the  larger  the  number  of 
spans,  the  more  equable  are  the  loads  on  the  piers.  For  all 
spans  over  five  the  load  on  each  of  the  piers,  with  the  exception 
of  the  first  and  last,  is  practically  equal  to  wl;  while  that  on 
the  first  and  the  last  is  very  little  more. 

Example  13. — A  continuous  beam  of  four  equal  spans,  20  feet 
each,  is  loaded  uniformly  with  5  cwt.  per  foot.  What  are  the 
loads  on  the  five  supports  ? 

to  s  5  cwt.    Z  =  20  feet.    wZ  =  5  x  20  =  100  cwt  =  5  tons. 

Load  on  1st  and  6th  supports  »  ^  x  5  =  1*96  tons. 

32 
Load  on  2nd  and  4th       „       »  _  x  5  =  5*71     „ 

26 
Load  on  3rd  „      «  ~  x  5  =  4-64    „ 

It  must  be  remembered  that  the  results  given  in  Table  XYL 
are  based  on  the  assumption  that  the  beams  are  of  uniform 
section  throughout. 

In  the  case  of  beams  of  uniform  strength,  that  is,  beams  in 
which  the  strength  at  the  different  parts  is  made  proportional  to 
the  stress  coming  on  these  parts,  the  results  are  different.  For 
example,  for  a  beam  of  uniform  strength,  continuous  over  two 
equal  spans,  Z,  uniformly  loaded  with  w  per  foot, 

The  pressure  on  each  abutment    =  ^  to  Z,  and 

4 
The  pressure  on  the  central  pier  ^  ^wL 


CHAPTER   VL 

BENDING  MOMENTS   FOB   FIXED   LOADS. 

72.  Definition. — ^When  a  beam  resting  on  two  supports  is  loaded, 
it  becomes  deflected  downwards  in  a  vertical  direction;  the 
amount  of  deflection  being  different  at  different  parts  of  the 


Digitized  by 


Google 


BENDIKG  MOMESTS  Uf  A  BEAM.  67 

beam.  A  bending  moment  is  developed  at  each  section,  and 
the  amount  of  this  moment  is  proportional  to  the  deflection 
and  also  to  the  longitudinal  stress  existing  at  each  section.  In 
order  to  determine  these  stresses  it  will  first  be  necessary  to 
determine  the  bending  moments. 

When  a  beam  is  acted  upon  by  external  loader  the  bending 
moment  at  a  given  section  ie  equal  to  the  ewn  of  the  momanU^ 
taken  relatively  to  that  section  of  all  the  external  fortes  acting  an 
the  portion  of  the  beam  on  either  side  of  it. 

It  does  not  matter  which  segment  is  considered,  the  result 
being  the  same  in  both  cases. 

7a  Bending  Moments  in  a  Beam  produced  by  a  Single  Load. — 
The  beam,  A  B  (fig.  30),  is  loaded  with  a  weight,  W,  at  a  dis- 
tance, m,  from  the  left  abutment;  the  span  of  the  beam  being  /; 
it  is  required  to  determine  the  bending  moment  of  the  beam  at 
the  section,  a  5,  situated  at  a  distance,  x^  from  the  left  abutment. 


t\     ' 
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•        1  m        ta^ 

■I      r     > 

tB 

1 

1 

Fig.  30. 

Let  P  and  Q  represent  the  reactions  at  the  abutments. 

The  external  forces  acting  on  the  segment  to  the  left  of  a  5 
are  represented  by  the  single  force,  P;  those  acting  on  the 
segment  to  the  right  of  a  5  are  represented  by  W  and  Q. 

First  consider  the  left  segment. 

Let  M«»  =  bending  moment  at  a  5;  then  from  our  definition 

M.»  =  P  a,  and  as  P  =  W^-^ 

wegetM.J=W»^^ (1). 

Next  consider  the  segment  to  the  right  of  a  5. 

In  this  case  we  get  M  «»  =  Q  (/  -  a?)  -  W  (wi  -  x). 

Putting  for  Q  its  value — j — ,  we  get 

M.J  =  Wm-^  -W(m  -  x),  or  M.»  =  W«?-=^ 


which  is  the  same  as  that  previously  found. 
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For  the  given  position  of  W,  M^j  will  be  a  maximum  when 
a;  is  a  maximum ;  that  is,  when  x  =  m. 

The  greatest  bending  moment,  therefore,  in  a  beam  loaded 
with  a  single  weight  occurs  at  the  point  of  application  of  the 
weijjht. 

When  W  is  expressed  in  tons,  and  the  other  dimensions  in 
feet,  M  will  be  expressed  in  foot-tons.  If  W  be  expressed  in 
pounds,  and  Xy  Z,  and  m  in  feet,  M  will  be  expressed  in  foot- 
pounds, and  so  on. 

Example  1. — ^A  beam  20-feet  span,  supported  at  its  extremities, 
is  loaded  with  a  weight  of  5  tons,  situated  at  a  point  7  feet  from 
the  left  abutment.  Determine  the  bending  moment  at  a  point 
12  feet  from  the  left  abutment,  at  the  centre  of  the  beam,  and 
at  the  point  of  application  of  the  load. 

p  «  ^-^  =  3-25  tons.     Q  =  5  -  325  =  1-75  tons. 

Let  Mj,  Mj,  Mg  be  the  required  bending  moments. 

Ml  =  Q  X  (20  -  12)  =  1-75  X  8  =  14  foot-tons. 

Mj  =  Q  X  10  =  17-6  foot-tons. 

M3  =  P  X    7  =  22-75      „ 

74.  Beam  Loaded  with  a  Number  of  Weights.— Let  V^,  Wj, 
^8»  ^4»  ^6»  W- be  a  number  of  loads  resting  on  the  beam,  A  ^ 
as  shown  in  fig.  31. 


*-^-^-^  *w^^^-w' 


\ 


Fig.  31. 

Let  X  =  distance  from  the  abutment.  A,  of  the  section,  whose 
bending  moment  it  is  required  to  determine,  and  let  x^,  a;^,  -  .  . 
x^  represent  the  distances  of  the  several  weights  from  this  section. 
It  is  a  matter  of  indifference  which  segment  is  considered ;  the 
moment  of  one  segment  is  positive,  and  that  of  the  other 
negative. 
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Oonsidering  left  segment,  we  get 

M  =  Pa:  -  (Wi  iCi  +  W^x^  +  Wjo:,). 
Considering  right  segment^  we  get 

M  =  Q  (^  -  a:)  -  {W^x^  +  Wg^Tj  +  W^x^). 

If  the  values  of  P  and  Q  be  substituted  in  these  expressioncr, 
it  will  be  found  that  they  are  precisely  the  same. 

If  Mj,  Mj,  -  -  -  Mq  represent  the  bending  moments  at  the 
points  of  application  of  Wj,  Wg,  -  -  -  W^,  we  get  the  following 
expressions  for  these  moments : — 

^,^F{x-x,y 

M2  =  P(;r  -  x^)  -  Wi(a7i  -  x^. 

M3  =  P(a:  -  «3)  -  W^{x,  -  x^)  -  W^{x^  -  x^). 

M,  =  Q(y  -  a;J  -  We(a:e  -  a?,)  -  W5(if5  -  a:,). 

^6  =  Q  (y  -  ^e)- 

Example  2. — A  beam  50  feet  span  is  loaded  with  weights  of 
5,  6,  7,  and  8  tons,  situated  at  points  distant  from  the  left  abut- 
ment of  10,  25,  30,  and  40  feet  respectively.  What  are  the 
bending  moments  at  these  points  ? 

^      5x40  +  6x25  +  7x20+8x10      „., 

P  = ^^ — =  11-4  tons. 

DO 

Q  =  26  -  11-4  =  14-6  tons. 

M5  =  11-4  X  10  =  114  foot-tons. 

Mq  =  11-4  X  25  -  5  X  15  =  210  foot-tons. 

My  =  14-6  X  20  -  8  X  10  =  212 

Mg  =  14-6  X  10  =  146  foot^tons. 

75.  Diagram  of  Bending  Moments. — The  bending  moments  at 
the  different  sections  of  a  beam  may  be  found  by  means  of  a 
diagram.  The  graphic  solution  is  often  simpler  and  more  ex- 
peditious than  that  obtained  by  algebraic  methods.  We  propose 
to  apply  both  methods  in  obtaining  the  bending  moments  of 
beams  and  cantilevers  loaded  in  different  ways,  one  being  used 
as  a  check  on  the  other.  It  is  important  to  bear  in  mind  that 
in  order  to  get  correct  results  by  the  graphic  method,  it  will 
be  necessary  to  draw  the  diagrams  correctly  and  to  a  large  scale. 
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When  this  is  done,  the  results  as  obtained  hy  meaaarement  may 
be  relied  upon  to  the  same  extent  as  those  obtained  by  algebraic 
methods. 

76.  Case  I. — ^Beam  supported  at  each  end  and  loaded  with  a 
Single  Weight— Let  A  B  (fig.  32)  represent  a  beam  of  span,  ly 
loaded  with  a  weight,  W,  at  the  point,  C,  distant  x  from  A.     We 


Fig.  32. 
have  already  seen  that  the  bending  moment  at  0  is  represented 
algebraically  by  the  equation  M^  =  Wx  —, — . 

Draw  a  vertical  line  through  C,  and  on  it  set  off  on  any  scale 

I  -  X 

of  foot-tons,  C  0  =  W  a;  —y-.    Join  A  O  and  0  B.     The  triangle 

A  O  B  is  called  the  diagram  of  bending  moments  of  the  beam, 
the  different  ordinates  of  the  triangle  representing  the  bending 
moments  at  these  points. 

To  find  the  bending  moment  at  any  point,  m,  it  is  only  neces- 
sary to  raise  an  ordinate  at  this  point,  intersecting  the  line  O  B 
at  m^.  The  ordinate  m  m^  so  drawn,  will  give  the  bending 
moment  at  m.  In  the  same  way  the  bending  moments  at  any 
other  point  of  the  beam  may  be  found. 

It  will  be  seen  that  the  maximum  moment  is  that  represented 
by  the  line  O  C,  and  this  occurs  at  the  point  of  application  of 
the  load.  If  the  load  be  placed  in  the  centre  of  the  beam  the 
diagram  of  moments  will  be  represented  by  an  isosceles  triangle. 

Example  3. — A  beam  32  feet  span  is  loaded  with  a  weight  of 
5  tons,  placed  12  feet  from  the  left  support  Draw  the  diagram 
of  moments. 

From  equation  (1)  the  moment  at  C  is 


Mn  = 


5  X  12  X  20 
32 


37-5  foot-tons. 


Bet  off,  therefore,  0  0  (fig.  32)  on  any  scale  of  foot-tons  »  37 -5. 
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Join  AO,  OB;  AOB  will  then  represent  the  required 
diagram. 

In  order  to  find  the  bending  moment  at  the  centre  of  the  beam, 
and  a  point  25  from  left  support,  set  off  A  c  =  16  and  Am  ss  25, 
and  draw  the  verticals  e  Cj,  m  m^.  Measuring  these  lines  on  the 
scale  for  foot-tons,  we  find  cc^^  30  foot-tons,  and  mmi  »  13*125 
foot-tons. 

These  results  may  be  checked  by  the  algebraic  method  thus  >— 

M,  =  Q  X  cB,  andM^  =  Q  X  mB; 

5  X  13 


and  as 


Q- 


32 


1-875  tons, 


M«  =  1-875  X  IS  =  30  foot-tons, 

M^  =  1-875  X    7  =  13-125  foot-tons, 

which  confirm  the  previous  results. 

It  will  be  seen  from  this  that,  for  any  beam  supported  at  its 
extremities  and  loaded  with  a  single  weight,  the  bending 
moments  at  the  points  of  support  are  zero,  and  that  they  gradu- 
ally increase  as  we  proceed  from  these  points  to  the  point  of 
application  of  the  load,  where  they  become  a  maximum.  Also, 
that  if  the  beam  supports  a  single  rolling  load  which  travels 
across  it,  the  greatest  bending  moment  occurs  at  its  centre  and 

is  expressed  by  Me««»  W  x  ^,  where  /  =  span;  and  the  maximum 

bending  moment  at  any  other  point  distant,  Xy  from  the  abutment 

isM.  =  W,x 


I 


77.  Case  IL — Beam  supported  at  both  Ends  and  loaded  with 
two  or  more  Wei^^ts.— The  method   of   finding    by  analysis 


Fig.  33. 

the  bending  moments  of  a  beam  thus  loaded  has  been  already 
explained.     To  construct  a  diagram  of  bending  moments  let  A  B 
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(fig.  33)  represent  a  beam  loaded  witli  weights,  W^,  Wj,  Wg,  rest- 
ing on  the  points  a,  b,  c  Construct  the  diagram  for  each  weight 
in  succession,  on  the  supposition  that  it  is  the  only  load  resting 
on  the  beam.  Each  of  these  diagrams  will  be  represented  by  a 
triangle.  Referring  to  the  figure,  A  03  B  will  be  the  diagram  for 
Wj,  A53B  for  Wj,  and  AcgB  for  W3.  At  the  point  a,  ao,  will 
represent  the  moment  for  W^,  aa2  that  for  Wg,  and  act^  that 
for  W3.  The  total  moment  at  a  will  be  the  sum  of  these.  If 
we  set  off,  therefore,  on  the  ordinate,  the  length  aa^  =  aci^ 
•h  aa^  +  aa-^f  this  line  will  represent  the  total  bending  moment 
at  a  tor  the  three  weights.  In  the  same  way  make  bb^  a  bb^ 
+  6  62  "*■  ^\}  ^  ^4  '^^^l  *^®^  represent  the  total  bending  moment 
at  b ;  similarly  c  c^  will  give  the  total  moment  at  c,  where  c  c^  is 
the  sum  of  cc^c  c^  and  c  c^,  Join  A  04  64  c^  B ;  this  polygon 
will  give  the  curve  of  bending  moments  of  the  beam  when  the 
three  weights  rest  upon  it'  simultaneously.  The  length  of  the 
ordinate  from  any  point  of  the  beam  to  the  polygonal  figure  will 
give  the  moment  at  that  point. 

Another  and  more  direct  way  of  drawing  the  diagram  curve 
is  that  shown  in  fig.  33a,  which  represents  a  beam,  A  B,  of  span 
If  loaded  with  weights  Wi,  Wj,  W3,  W4,  resting  at  the  points 


a,  6,  Cy  and  d.  The  bending  moments  at  these  points,  when  all 
the  weights  rest  on  the  beam,  are  first  found  analytically,  as 
already  explained.  Draw  the  ordinates  a  Oy,  b  by  c  e^,  d  d^, 
making  these  lines  on  a  scale  of  foot-tons  equal  to  the  moments 
at  a,  b,  c,  d.  Join  A  a^  ft^,  Cj,  d^,  B.  This  polygon  will  be  the 
diagram  for  the  beam. 

To  find  the  moment  at  any  point,  x,  draw  the  ordinate  x  o^, 
intersecting  the  polygonal  curve  at  Xy  The  line  x  x^  will  give 
the  moment  required. 

We  shall  illustrate  this  further  by  taking  a  practical  example. 
Consider  the  case  of  a  beam  50  feet  span  and  loaded,  as  in 
example  2. 
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have  here — 

Wj  =  5  tons,     Wj  = 

6,     Wj  =  7,     W^  =  8. 

P=  11-4  tons. 

Q  =  14-6  tons. 

M.  =  114  foot-tons. 

Mj  =  210  foot-tons. 

M.  =  212  foot-tons. 

Mj  =146  foot-tons. 

Set  off  to  scale  (fig.  33a)  ao^  =  114,  b  bj^  =  210,  cc^  =  212, 
rf  </i  =  146 ;  then,  as  before,  A  a^  6^  c^  d^  B  represents  the  diagram 
of  moments. 

Since  P  is  greater  than  W^,  or,  to  write  it  more  concisely, 
P  >  Wj,  the  line  a^  b^  must  incline  upwards  towards  the  right, 
and  cousequently  the  bending  moment  gradually  increases  be- 
tween the  points  a  and  b ;  also  since  P  >  (Wj  +  Wj),  6^  c^ 
must  also  incline  upwards  from  6^  to  c^,  though  only  by  a  very 
Bmall  amount.  Since  P  <  (Wj  +  Wj  +  Wg),  c^  d^  must  slope  down- 
wards towards  the  right,  or  the  bending  moment  decreases  be- 
tween the  points  c  and  d.  Lastly,  since  P  <  (W^  +  W^  +  W3  -H  W4), 
d^  B  must  also  slope  downwards  toward  the  right.  The  maxi- 
mum moment  occurs  at  that  point  of  the  polygon  where  one  of 
the  sides  slopes  wpwards  and  the  adjacent  side  slopes  downwards. 
If  one  of  the  sides  of  the  polygon  be  horizontal,  the  maximum 
moments  occur  on  that  portion  of  the  beam  opposite  this  side. 
It  will  be  seen  from  this  that  if  we  commence  at  the  left  abut- 
ment and  pass  towards  the  right,  the  sides  of  the  polygon  will 
slope  upwards  towards  the  right  when  the  reaction  of  the  left 
abutment  is  greater  than  the  sum  of  the  weight  passed,  and  vice 
versd.  If  the  reaction  of  the  abutment  be  eq^ial  to  the  sum  of 
the  weights  passed,  then  the  side  of  the  polygon  for  that  interval 
will  be  horizontal. 

To  find  the  moment  at  any  intermediate  point  on  the  beam, 
say  at  /,  where  A  /  =  18  feet ;  draw  the  vertical  I  ^j,  intersecting 
the  side  of  the  polygon  at  l-^.  The  line  1 1^  will  represent  the 
required  moment,  and  by  measurement  we  get  M,  =  165'2  foot- 
tons.     This  result  may  be  checked  algebraically,  as  follows : — 

M,  =  P  X  a;  -  Wi  X  a^  =  11-4  X  18  -  5  X  8  =  1652 foot-tons. 

78.  Position  of  Maximum  Bending  Moment.— The  point  of  a 
beam  loaded  with  weights  \Vj,  Wg,  W3,  <fec.,  where  the  bend- 
ing moment  is  a  maximum,  may  be  found  by  calculation 
thus : — Having  found  P,  subtract  the  quantities  W^,  W^, 
W3,  Aa,  from  it  in  succession,  until  the  remainder  becomes 
zero,  or  a  negative  quantity.  When  the  remainder,  by  adopt- 
ing this  process,  becomes  zero,  there  will  be  more  than   ona 
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point  of  maximum  bending  moment,  and  they  will  oocar  at  all 
sections  of  the  beam  between  the  position  of  the  weight  last 
deducted  and  the  weight  next  in  order.  When  the  remainder 
becomes  negative  for  the  first  time,  there  will  only  be  one 
maximum  bending  moment,  and  it  will  occur  at  the  weight  last 
deducted.  In  the  example  we  have  just  been  considering, 
P  -  Wi  =  11-4  -  5  =  6-4,  a  positive  quantity;  P  -  W^  -  Wg 
=  11-4  -5-6  =  0-4,  also  a  positive  quantity ;  P  -  W^  -  Wg 
-  Wg  =  11-4  -5-6-7  =  -  6-6,  a  negative  quantity.  The 
maximum  bending  moment  occurs,  therefore,  at  the  point  of 
application  of  W3,  which  agrees  with  that  obtained  by  means  of 
the  diagram. 

79.  Purely  Graphic  Solution.— The  diagrams  of  bending  mo- 
ments which  have  just  been  given  do  not  afford  a  complete 
graphical  solution  of  the  problem,  inasmuch  as  the  moments  at 
the  points  of  application  of  the  weights  have  first  to  be  deter- 
mined by  algebraic  or  arithmetical  calculation.  It  is  possible, 
however,  to  dispense  with  these  calculations  and  to  determine 
the  curve  of  moments  by  a  purely  graphical  jnethod  only,  in  the 
following  manner: — 

A  B  (pg,  34)  represents  the  beam.  Set  off  to  scale  the  points 
of  application  of  the  weights  at  a,  b,  c,  and  d.     In  the  example 


under  consideration,  A  a  =  10,  a  5  =  15,  5  c  =  5,  c  c^  =  10,  c?  B  «=  10. 
On  the  vertical  line  a^  x^  {fig.  35),  set  off  x.x^  os^ob^,  x^X4^  x^x^, 
on  a  scale  of  tons,  equal  respectively  to  W,,  Wj,  W3,  W4.  In 
the  present  case  Xj^x^  =  ^,  x^as^  =  6,  x^x^  ^  7,  x^x^  ^  S. 
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Take  any  point  O  and  join  it  to  the  points  ar.,  x^  x^  x^  and  x^, 
Throngh  the  points  A,  a,  b,  c,  d,  and  B,  in  fig.  34,  draw  vertioala. 
Through  A^  any  point  on  the  vertical  through  A,  draw  Aj  a, 
parallel  to  O  a^  meeting  the  vertical  through  a  at  a^     In  the 


Fig.  35. 

same  way  draw  ct^  h^  h^  e^  e^  d^  and  d^  B^  parallel  respectively 
to  O  0^2)  ^  ^  O  a;^,  and  O  x^y  meeting  the  ordinates  through  by  e^ 
dy  and  B,  at  the  points  b^,  c^  d^  and  Bj :  join  A^  B,.  Through 
O  draw  O  R  parallel  to  Aj  Bj,  meeting  a?,  ajj  at  the  point  R. 
s&^  E  will  then  represent  the  reaction  at  the  left  abutment,  or 

Oi  R  =  P  =  11-4  tons. 

Similarly  R  a;^  represents  the  reaction  at  the  right  abutment,  or 

R  a;^  «  Q  =  14-6  tons. 

This  is  a  veiy  important  solution,  and  shows  how  the  supporting 
forces,  in  the  case  of  a  beam  loaded  with  one  or  more  weights, 
may  be  determined  graphically. 

The  polygon  Aj  aj  b^  c^  d^  B^  represents  a  diagram  of  bending 
moments,  but  as  the  position  of  the  point  O  (in  fig.  35)  is  not  known, 
the  values  of  these  moments  cannot  be  determined  by  this  diagram. 
In  order  to  determine  these  values  it  will  be  necessary  to  con- 
struct another  diagram  in  the  foDowing  manner : — ^Through  R 
draw  the  horizontal  line  R  O^ :  on  this  line  take  a  distance,  O^  R, 
equal  to  some  integral  number  on  the  scale  of  the  horizontal 
dimensions  of  the  beam.  For  example,  make  this  polar  distance 
Oj  R  =  10,  which  is  one-fifth  the  span  of  the  beam :  join  Oj  Xy 
O^  x^t  Oj  x^  Oj  x^y  and  0^  x^  and  construct  the  polygon  A  a.  o^ 
^i  ^1  ^   (^&  ^^}    ^7  drawing  lines  parallel  to  these.      Ijiis 
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polygon  will  represent  the  bending  moment  diagram  of  the 
beun.  If  correctly  drawn,  the  last  line,  c^  B,  will  come  exactly 
to  the  point  B.  The  bending  moment  at  any  point  of  the  beam 
is  proportional  to  the  ordinate  at  that  point,  and  its  amount  is 
determined  by  measuriDg  the  ordinate  on  the  scale  for  vertical 
loads  adopted  in  fig.  35,  and  multiplying  the  result  so  found  by 
the  polar  distance  Oj  R.  For  example,  the  ordinate  aoi  «  11-4, 
and  multiplying  this  by  0^  R  =  10,  we  get — 

]\r^  =  11-4  X  10  =  114  foot-tons. 

Proceeding  in  the  same  way  for  the  other  points  we  have — 

Mj  =  210  foot-tons,  M^  =  212  foot-tons,  M^  =  146  foot-tons, 

which  agree  with  the  results  previously  found  by  calculation. 
The  bending  moments  may  be  found  directly  by  measuring  the 
ordinates  on  a  new  scale  for  moments.  This  new  scale  being 
constructed  by  subdividing  each  division  on  the  scale  for  tons 
into  10  equal  parts,  as  the  polar  distance  is  equal  to  10  on  the 
scale  for  dimensions.  If  the  polar  distance  be  5  or  6,  the 
divisions  on  the  scale  for  tons  must  be  subdivided  into  5  and  6 
parts  respectively. 

80.  Graphic  Determination  of  the  Centre  of  Gravity  of  the 
Loads  on  a  Beam. — The  centre  of  gravity  of  the  loads  on  the 
beam  may  be  found  graphically  thus : — Produce  the  two  sides, 
A  Oj,  B  rfj,  of  the  polygon  in  fig.  34  until  they  meet  at  E  ;  draw 
the  vertical  E  E, ;  E^  will  be  the  centre  of  gravity  of  the  weights 
Wp  Wj,  Wg,  and  W^. 

Example  4. — A  beam  60  feet  span  is  loaded  with  7,  12,  10, 
and  3  tons  placed  in  order,  proceeding  from  left  to  right,  and 
dividing  the  span  into  &ve  equal  parts.  Determine  the  point  on 
the  beam  where  the  bending  moment  is  a  maximum. 

^      7  X  48  +  12  X  36  +  10  X  24  +  3  x  12      ,-  ,  ^ 
P  = w^ =  17*4  tons. 

Q  =  32  -  17-4  =  14-6  tons. 

Deduct  the  first  load  from  P ;  we  get  17*4  -  7  =  10*4,  a  positive 
quantity.  From  this  amount  deduct  the  second  load,  we  get 
10  4  -  12  =  -  1*6,  a  negative  quantity.  The  point  of  the 
beam,  therefore,  where  the  maximum  moment  occurs,  is  at  the 
weight  of  12  tons,  or  24  feet  from  the  left  abutment. 

The  moments  at  the  points  of  application  of  the  different 
loads  are  thus  found  analytically : — 
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My  =  17-4  X  12  =  208-8  ft.-tons. 

Mi2  =  17-4  X  24  -  7  X  12  =  333-6  ft. -tons. 

Mio  =  17-4  X  36  -  7  X  24  -  12  X  12  =  314-4  ffc..tons. 

Mj  =  17-4  X  48  -  7  X  36  -  12  X  24  -  10  X  12  =  175-2  ft-tona. 

The  student  should  check  these  results  by  the  graphic  method. 

The  bending  moment  at  a  point  midway  between  two  loads 
is  the  mean  of  the  moments  at  the  points  of  application  of  the 
loads.  For  example,  the  moment  at  the  point  midway  between 
the  loads  of  12  and  10  tons  in  the  last  example 

= ^ =  324  foot-tons. 

Example  5. — A  beam  40  feet  span  supports  four  loads  of  5,  1, 
2,  and  3  tons,  situated  at  distances  of  10,  18,  32,  and  36  feet 
respectively  from  the  left  abutment.  Find  the  maximum  bending 
moment  and  where  it  occurs. 

^      5x  30  ^-Ix  22  +  2x8  +  3x4      ^^ 

P  =   jjr =  5  tons. 

40 

Q  =  ll-5  =  6.  P-Wi  =  5-5  =  0. 

The  maximum  bending  moments  will  therefore  occur  at  the 
points  of  application  of  5  and  1  tons,  and  at  all  points  between, 
them,  and  its  amount  is 

Mgtoi  =  5  X  10  =  50  foot-tons. 

The  bending  moments  at  the  other  weights  are 
M,  =  6x8-3x4  =  36  foot-tons. 
Mg  »  6  X  4  =  24  foot-tons. 

81.  Case  III. — ^Beam  Supported  at  both  Ends,  and  Loaded  with 
a  Uniformiy  Distributed  Weight. — The  beam  shown  in  fig.  36  is 
thus  loaded — 

Let  I  =  span  of  beam ;  w  =  load  per  unit  of  length ; 

W  —  total  load  on  the  beam  s  wl. 

wl 
The  supporting  force  at  each  abutment  =  -q"* 

Digitized  by  VjOOQ IC 


78 


BENDING   MOMENTS  FOR   FIXED   LOADS 


To  find  the  bending  moment  at  any  section,  a  a,  at  a  distance, 
X,  from  the  left  abutment,  we  have  the  segment  A  a,  held  in 
equilibrium  by 

(1)  The  upward  reaction  of  the  abutment  acting  at  A,  and 

equal  to  -^  ; 

(2)  By  the  load  on  the  segment  which  equals  wx,BJid  which 
acts  vertically  downwards,  and  may  be  supposed  to  be  concen- 
trated at  its  centre  of  gravity ;  and 

(3)  By  the  bending  moment  at  a  a. 
We  have,  therefore, 

=  —y^  x-u)x^^-^(l  -x)        .        .     (2). 


Fig.  3fl. 

Equation  (2)  gives  an  expression  for  determining  the  bending 
at  any  point  of  a  beam  loaded  with  a  uniformly  distributed 
weight.     This  expression  is  a  maximum  when  x  =  I  --  x,  that  is 

when  a:  =  -^ . 

The  maximum  bending  moment  will,  therefore,  be  at  the 
centre  of  the  beam,  and  is  expressed  by  the  formula^ 

Me.,    =  -g- (3). 

when  05  =  0,  and  05  =  ^  M^  =  M,  =  0. 

The  expression  M.  »  -^  (Z  -  a;)  is  the  equation  to  a  para- 
bola. The  diagram  of  bending  moments  for  a  beam  supporting 
a  distributed  load  will,  therefore,  be  represented  by  a  parabolic 
curve  whose  axis  is  vertical  and  passes  through  the  centre  of 
the  beam. 

To  construct  this  parabola  draw  an  ordinate  through  the 
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centre,  on  a  scale  of  foot-tons  «  -^.     This  line  will  represent  the 

o 

axis  of  the  parabola,  and  its  highest  point  will  be  the  vertex. 

Two  other  points  on  the  curve  will  be  those  points  on  the  beam 

over  the  edges  of  the  abutments. 

Example  6. — ^A  girder  of  60  feet  span  has  a  load  of  }  ton  per 

foot  distributed  over  it.     Determine  the  bending  moment  at  the 

centre  of  the  girder,  and  also  at  points  12  feet  and  24  feet  from 

the  centre. 

3 
In  equation  (2)  we  have  «;  =  jj  Z  =  60 j  x  =  30, 18,  and  6  for 

the  three  cases.    Let  M^,  M,,  M,  be  the  three  bending  moments 
req)eetivel7. 

M.  =  *^=|x<^-337-5fool.ton8. 
o        4  o 

Mj  =  I  X  y  X  42  =  283-5  foot-tons. 
M3  =  I  X   5   X  64  «  121-5        „ 

82.  Beam  Supported  at  both  Ends,  and  Loaded  with  a  Unifonnly 
DiitribQted  W^ht  over  a  certain  portion  of  its  Length  next  to 
one  Support — A  B  (fig.  37)  is  a  beiaun  of  span  ^feet  supporting 
a  load  of  w  per  foot,  distributed  over  the  length,  a,  next  the 


Fig.  87. 

abutment,  A.      In  order  to  determine  the  supporting  forces, 
P  and  Q,  this  load  maj  be  supposed  to  be  concentrate  at  its 

oentee  of  gravity,  which  will  be  at  a  distance,  ^,  from  the  left 

abutment 
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To  determine  the  bending  moment  at  any  point  at  a  distance,  x^ 
from  the  left  abutment,  we  get,  when  a;  =  a  or  when  x'^a. 


And  when  x<^awe  get 


_.  X      iJD  X 


|a(2^)_^| 


(4). 


(5). 


If  the  load  do  not  extend  beyond  the  centre  of  the  span,  the 
maximum  bending  moment  will  be  at  the  extremity  of  the  load, 
or  when  x  =  <l  If  the  load  extends  beyond  the  centre  of  the 
beam  the  greatest  bending  moment  may  be  found  thus — If  C  is 
the  centre  of  the  beam  and  k  that  of  the  load,  set  off  ^n,  so 

that  kn  =  kQx  ^;  n  will  be  the  point  of  the  greatest  bending 

moment. 

Diagram, — ^To  construct  the  diagram  of  bending  moments  for 
this  beam.     Take  the  line  A,  B^  (fig.  38)  =  I    Make  A^  0  «  a ; 

draw  the  ordinate  CD  = ^-f^ — ^got  from  equation  (4)  by 

putting  x  =  a.    Join  A^  D,  B^  D. 

Draw  a  parabola  on  A^  C,  representing  the  bending  momenta 


Fig.  88. 

on  Aj  C,  on  the  supposition  that  it  is  an  independent  beam  of 
span,  a,  supx>orted  at  A^  and  C,  and  uniformly  loaded  with  a 
weight,  w  a.  Next  take  a  number  of  points,  c,  d,  6,y|  on  C  A^, 
and  through  them  draw  ordinates,  making  each  ordinate  equal 
to  the  sum  of  the  ordinates  of  the  triangle  A^  D  C  and  the 
parabola — for  example,  c c^^ c e^-^- c c^  and  so  on  for  the  others. 
These  ordinates  will  represent  the  bending  moments  at  these 
points,  and  A, /g  e^  d^  c^  D  Bj  will  represent  the  curve  of  bend- 
ing moments  for  the  beam. 

Example  7. — A  beam,  54  feet  span,  is  loaded  uniformly  for  a 
distance  of  36  feet,  measured  from  the  left  abutment,  with  15  cwt. 
{>er  lineal  foot.     Find  the  position  of  the  maximum  bending 
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moment,  and  its  amount ;  find  also  the  bending  moment  at  the 
centre  of  the  beam,  and  draw  a  diagram  of  the  curve  of 
moments. 

Keferring  to  lag.  37,  we  have  /=54,  a  =  36,  w=15,  *C  =  9. 
If  n  be  the  point  of  maximum  bending  moment 

*n=:9x=-.  =  6,  or  An  =  24. 
54 

The  maximum  moment,  therefore,  occurs  at  a  point  24  feet 
from  the  left  abutment — 

P  =  15x36x^^^«360cwts. 

Q  =  540-360  =  180cwt8. 
From  the  equation 

M.  =  P«-!?^;  by  putting  a: =24, 

we  get 

M.  =  360  X  24-1^^  =  4,320  foot^swts, 

which  is  the  maximum  bending  moment  on  the  beam.     If  M^  » 
moment  at  the  centre, 

Mc  «  360  X  27  -  ILW*  =  4,252-5  foot-cwts. 

The  bending  moment  at  the  right-hand  extremity  of  the  load, 
or  at  a  point  36  feet  from  the  left  abutment,  is  given  by  equa- 
tion (4). 

TWT         toaHl-a)      15  x  (36)2  x  18      ooa^^    ^  ^ 
^^ 21 TTsi 3,240  foot<5wt8. 


83.  Beam  Supported  at  both  Ends  and  Loaded  Unifonnly  over  a 
Portion  of  its  Length  not  ertending  to  either  Abutment. — Let  A  B 

6 
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^g.  39)  represent  a  beam  of  span  /,  and  loaded  oyer  the  portion 
G  D  with  a  weight  of  w  per  unit  of  length. 

LetOD  «  a,  A0  =  b. 

Total  load  on  the  beam  =  lo  a. 


i-b-^ 


P  =  wa . 


Q  a  toa , 


a 
2 


I 


The  bending  moment  at  any  section  between  A  and  0  is 
given  by  the  equation — 


M.  =  P.  =  !££^(^-6-|)       . 


(6). 


where  x  =  distance  of  the  section  from  the  left  support. 
For  any  point  between  D  and  B 

For  any  point  between  C  and  D 
M.=  Pa:  -  w'^—^ ^[l  -  6  -  2)  -  «''— 2^ 

From  one  of  these  three  equations  we  can  determine  the 
bending  moment  at  any  section  of  the  beam. 

The  maximum  bending  moment  occurs  at  the  point  n,  where 


(7). 


(8). 


kn^jxkO 


(9). 


where  O  is  the  centre  of  the  beam,  and  k  that  of  the  load. 
Diagram  of  Bending  Moments, — ^Let  A^  Bj,  fig.  40,  represent 


Fig.  40. 

the  beam  ;  the  load  extending  over  the  portion  0^  D^  whioh  ia 
equal  to  a  ;  K^  is  the  centre  of  0^  D^. 
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The  moment  at  K^  on  the  luppoiition  that  the  whole  load  to  a  ia 

concentrated  at  this  pointy  will  be  = j ',  where  A^  K| »  m. 

Ihuw  the  vertical,  K^  H,  to  repregent  this  moment.    Join  A^  H, 

Bj  H.     From  the  extremities  of  the  load  C^,  D|,  draw  the  Ter- 

ticals  C|  C^  Dj  Dj.    Join  Oo  Dj.    Kext  consider  the  portion  of  the 

'beam  C^  D^  as  an  independent  beam  supported  at  G^  and  D^,  and 

loaded  uniformly  with  the  weight  too.     Construct  the  curve  of 

bending  moments  for  this  beam  :  this  curve  will  be  represented 

to  cfl 
by  the  parabola  G^  K^  D^,  whose  central  ordinate  K^  K^  »  ~^. 

By  laying  off  ordinates  from  C.  D^,  equal  to  the  ordinates  of 
the  parabok  C|  Kg  Bj,  we  get  for  the  complete  curve  of  bendii^ 
moments  the  curve  O,  F  D^,  and  the  two  straight  lines  Aj  Cp 
Bj  IX ;  the  latter  being  tangents  to  the  curve  at  the  points  V^ 
andl>2. 

Example  8. — ^A  beam  72  feet  span  is  loaded  uniformly  with 
1  ton  per  lineal  foot  over  the  portion  commencing  at  12  feet  from 
the  left  support,  and  ending  at  the  middle  of  the  beam,  or  for  a 
distance  of  24  feet.  Find  the  bending  moments  at  each  end  of 
the  load,  and  also  the  position  and  magnitude  of  the  maximum 
bending  moment. 

Total  load  on  beam  »  ti;a  »  24  tons. 

a  ==  24,  6  -  12,  ;  «  72. 

p^^_?^^.6.|^  =24^^^2^  12  .  12)  =  16  tons. 

Q  =  24  -  16  =  8  tons. 
The  moment  at  the  point  0,  fig.  39,  is  from  equation  (6)» 

Mi2  =  16  X  12  =  192  foolrtons. 
The  moment  at  D  is  from  equation  (7), 

Mgg  =  8  X  36  =  288  foot-tons. 

To  find  the  point,  n,  where  the  greatest  moment  occurs,  w& 
get  from  equation  (9), 

A;n  =  ^  X  12  =  4  feet,  since  kO  =  12  feet. 

The  TOi^TiTmiyp  bending  moment,  therefore,  occurs  at  a  point 
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8  feet  to  the  left  of  the  centre  of  the  beam,  or  28  feet  from  the 
left  support. 

To  find  its  amount — 
.    In  equation  (8),  P  «  16,  »  =  28,  w  =  1,  6  =  12.     Substituting 
these  values,  we  get 

Mg^  =  max.  bending  mom.  =  16  x  28  -  ^ — ~      ^  =  320  fb.-tons. 

81  Beam  Supported  at  both  Ends,  and  Loaded  Uniformly  on 
its  Two  Segments  with  Loads  of  different  Intensity. — From  the 
descriptions  given  in  the  last  two  cases,  the  student  will  have 
little  difficulty  in  solving  this  problem.  It  is  evident  that  if  one 
load  only  be  considered  to  act  on  the  beam  at  the  same  time,  and 
the  bending  moments  at  any  section  calculated  separately  for 
each  load,  then  the  sum  of  these  moments  will  give  the  total 
moment  when  both  loads  rest  simultaneously  on  the  beam. 

85.  Bending  Moments  on  Semi-Beams. — In  the  case  of  a  beam 
supported  at  both  ends  and  loaded,  the  particles  in  the  top  of 
the  beam  are  in  a  state  of  compression  and  are  shortened,  while 
those  in  the  bottom  are  in  tension  and  are  lengthened  ;  so  that 
the  centre  of  curvature  of  the  beam  is  above  the  beam.  In  the 
cantilever  the  reverse  takes  place.  This  distinction  is  recog- 
nised by  treating  the  bending  moments  in  the  first  case  as 
positive;  while  in  the  cantilever  they  are  negative.  In  con- 
tinuous beams,  as  will  be  seen  later  on,  the  bending  moments 
are  partly  positive  and  partly  negative. 

Girders  of  the  cantilever  form  are  used  for  a  variety  of  pur- 
poses, as  in  cranes  and  swing  bridges;  and  of  late  are  coming 
much  into  use  in  combination  with  ordinary  girders  for  bridges 
of  large  span,  as  in  the  Forth  Bridge  and  similar  structures. 

86.  Cantilever  loaded  with  a  Single  Weight  at  the  Free  End. — 
In  fig.  41  let  A  B  represent  a  cantilever  of  length  Z,  fixed  in  a 

Yf    horizontal  position.     At  the  end  B  is 
placed  a  weight  W. 

Let  M.  =  bending  moment  at  the 
section  K  K,  at  a  distance  x  from  the 
end  B ;  then,  from  the  definition  already 
given  for  the  bending  moment,  we  get — 

-M.  =  Wa;       .    (10) 

the  negative  sign   being   used   as  the 
p.     .-  moment    is    negative.      It    is    evident 

^'     '  that  M,  increases  as  x  increases,  and 

will  become  a  maximum  when  x  =  I,    The  maximum  bending 
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moment  oocniHy  therefore,  at  the  fixed  end  of  the  beam,  and  is 
expressed  hy  M,  =  W/.  The  moment  will  be  a  minimum 
iirhen  x  ^  o,  that  is,  at  the  point  of  application  of  the  weight. 

Diagram  of  Bending  AfamerUa, — ^To  construct  the  diagram  of 
moments,  take  the  horizontal  line  A^  B,  =  A  B,  draw  the  vertical 
line  Aj  A,  =  -  M,.  Join  A^  Bj.  The  line  A|  Aj  is  drawn 
downwards  as  the  bending  moment  is  negative.  The  triangle, 
Aj  Bj  A^,  is  the  diagram  of  moments  for  the  cantilever.  The 
moment  at  any  section  of  the  beam  K  K  is  represented  by  the 
ordinate  E|  K|. 

Example  9. — A  semi-beam  15  feet  long  has  a  load  of  12  cwts. 
resting  on  its  free  end.  Determine  the  maximum  bending 
moment ;  and  also  that  at  the  centre  of  the  beam. 

The  maximum  bending  moment  occurs  at  the  fixed  end  of  the 
beam,  and  its  amount  is — 

-  M  =  12  X  15  =  180  footrcwts. 


That  at  the  centre  of  the  beam 

-  M^  =  12  X  7-5  =  90  foot-cwts., 

or  one-half  the  amount  of  the  former. 

87.  Cantilever  loaded  with  more  than  one  concentrated  Wei^t 
— Let  A  B^  fig.  42,  be  the  cantilever,  fixed  at  the  end  A,  and 


t 


w* 


^3  W,  W. 


Kg.  42. 

loaded  with  weights  W^,  Wg,  Wj,  W^  applied  at  points  of  the 
beam  situated  at  distances  Xp  a^,  x^  x^  from  the  fixed  end.  The 
maximum  bending  moment  occurs  at  A,  and  is  equal  to  the  sum 
of  the  moments  of  each  weight  taken  separately,  and  its  value  f 

-  M^  =  W^x^  +  W^x^  +  W3«5  +  W^x^  =  2  Wa:  (11). 
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To  find  the  moment  at  any  section  K  K  at  a  distance  x  from 
A.  It  is  evident  that  all  weights  situated  to  the  left  of  this 
section  do  not  influence  its  bending  moment ;  it  is  only  those 
situated  to  the  right.  The  total  moment  at  K  K  is  the  sum 
of  the  moments  of  all  the  weights  to  the  right  of  it  taken 
separately,  or — 

-  M.  «  W^{x,  -  «)  +  W^{x^  -  x)  ^  W,(aj3  -  x)    (12). 

Dictgram, — ^To  construct  the  diagram  of  moments  for  this 
cantilever,  draw  the  horizontal  line  A^  B^  =  A  £,  and  directly 
underneath  it;  on  the  vertical  line  through  Ap  set  off  on  a  scale 
of  moments  A^y^  =  W^x^,  y^y,  =  WjXg,  y^Vz  =*  ^s^   ^^^ 

Join  Bjy^;  then  AjB^yj  will  be  the  triangle  of  bending 
jnoments  for  W^.  Draw  a  vertical  line  through  Wg,  meeting 
B^yj  at  the  point  Bj,  and  draw  Bgyg.  Join  Bg,  the  point  of  in- 
tersection of  the  vertical  through  Wg  and  B2y2>  ^i**^  ^3)  *^d 
^oonnect  B4,  the  point  of  intersection  of  this  line  and  the  vertical 
through  "^4,  with  y^.  The  polygonal  line  B^  Bg  B3  B^  y^,  will 
represent  the  diagram  of  moments  for  the  beam  as  loaded ;  and 
the  length  of  the  ordinate  between  any  point  of  A^  B,,  and  this 
line  will  represent  the  bending  moment  at  the  section  of  the  beam 
vertically  over  this  point.  The  bending  moment,  for  example,  at 
the  section  K  K  is  given  by  the  line  K^  K^.  In  the  figure,  the 
triangles  AjB^yi,  yi  B^y^ygBgy-,  and  y8B4y4,  represent  the 
^diagrams  for  the  weights  W^,  W,,  W,,  and  W^  taken  separately. 

The  above  diagram  may  of  course  be  got,  and  perhaps  more 


Fig.  43. 

directly,  by  drawing  the  verticals  Aj  y^,  h^  B4,  63  B3,  ftg  Bg,  equal 
respectively  to  the  moments  at  A  and  at  the  points  of  application 
of  W4,  Wj,  and  Wj,  and  joining  Bj  Bg  B3  B4  y4. 
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The  diagram  of  moments,  as  found  by  the  methods  just  ex- 
plained,  dloes  not  give  a  complete  graphical  solutum  of  tha 
problem,  as  it  involves  the  calculation  of  the  moments  at  several 
sections  of  the  beam ;  the  purely  graphical  solution  may  be  thus 
found : — 

Graphical  Solution. — In  fig.  43  take  the  horizontal  line  Aj  B^  to 
represent  the  length  of  the  beam,  on  a  scale,  vhich  may  be  called 
the  scale  for  horizontals.  The  positions  of  the  loads  are  shown 
by  Wi,  Wj,  W3,  W^  Draw  a  vertical  line,  Xi  as^,  fig.  44,  and  on 
it  measure  off  the  distances  Xj  x^  x^  x^ 
x^  x^  X4  Xg,  to  represent  the  weigfits  Wj, 
W9,  W3,  W4,  on  a  scale  which  may  be 
called  the  scale  for  verticals.  Measure  off 
on  the  horizontal  line  through  Xi  the  polar 
distance  X|0,  equal  to  a  convenient  in- 
tegral number,  say  10^  on  the  scale  for 
horizontals.  Join  Ooc^t  Ox^,  Oar^,  Ox^. 
Through  B^  (fig.  43)  draw  B^  C  parallel  to 
O  a?2,  meeting  the  vertical  through  Wj  in  C. 
manner  draw  C  D,  D  E,  and  E  F,  parallel  respectively  to  O  a,, 
0x4,  and  Oajg.  The  polygonal  line  BjCDEF  will  give  the 
diagram  of  moments;  and  the  ordinates  measured  on  a  scale  one- 
tenth  of  that  for  verticals,  will  give  the  bending  moments  at  the 
different  sections  of  the  beam. 

JSxample  10. — A  cantilever,  20  feet  long,  supports  four  loads 
of  5,  6,  7,  and  8  tons  situated  at  distances  from  the  fixed  end  of 
20,  16,  10,  and  5  feet  respectively.  Find  the  bending  moments 
at  the  fixed  end,  at  each  weight,  and  at  a  section  12  feet  from 
the  fixed  end. 

W,  =  5,  W,  =  6,  W,  =  7,  W,=8; 

«!  -20,  rB8=16,  a?5=10,  a?4=6,  aj  =  12. 

The  bending  moments  are— 

M  0  =  5  X  20  +  6  X  1 6  +  7  X  1 0  +  8  X  5  =  306  foot-tons. 

M2o=0. 

Mie  =  5  (20  - 16)  =  20  foolrtons. 

Mio  =  5  (20  - 10)  +  6  (16  - 10)  «  86  foot-tons. 

M5  =  5  (20  -  5)  +  6  (16  -  5)  +  7  (10  -  5)  =  176  foolrtons. 

Muj  =  5  (20  - 12)  +  6  (16  - 12)  =  64  foolrtons. 
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88.  Cantilever  Loaded  Uniformly  over  its  Entire  Length.— 
Let  A  B  (fig.  45}  represent  a  cantilever  covered  T^ith  a  uniformly 


Fig.  45. 

distributed  load  of  w  per  unit  of  lenffth.     The  total  load»u7  If 
and  it  may  be  assumed  as  concentrated  at  its  centre. 


I    toP    Wl 


-  M*  a=t(7  /  X  7r=»-s- = 


.    (14)» 


where  W  =  wl. 

The  bending  moment  at  a  section,  K  K,  situated  at  a  distance^ 
0^  from  B,  is 


(15). 


From  equation  (15)  it  is  seen  that  the  moment  increases  as  x 
increases,  and  becomes  a  maximum  when  x^^L 

This  equation  also  shows  that  the  locus  of  the  bending 
moments,  represented  graphically,   is  a  parabolic  curve.      To 

construct  this  curve  set  off  A^  A^^-^y  and  draw  the  parabola, 

Bj  K^  Aj ;  the  vertex  of  the  parabola  being  at  B^  and  its  axis 
vertical.  By  drawing  a  vertical  through  KK,  the  ordinate 
Kj  Kj  will  represent  graphically  the  moment  at  K  K. 

Example  11. — A  cantilever,  20  feet  long,  is  loaded  with  a 
uniform  weight  of  16  cwt.  per  lineal  foot.  Determine  the  bend- 
ing moments  at  5  feet  from  the  free  end,  at  the  middle  of  the 
beam,  and  at  the  fixed  end. 

From  equation  (15)  we  find  that  the  moment  at  a  distance  of 
5  feet  from  the  end  is 
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5 
M^a  5  X  16  X  ~=r  200  footK^wts. 

At  the  middle  of  the  cantilever 

Mjo-lO  X  16  X  ~  =  800  foot^rirts. 

At  the  fixed  end 

20 
Mo  =  20  X  16  X  2"  =  3,200  foot-cwts. 

89.  CantQever  with  Uniform  Load,  and  also  with  a  Goncen* 
tnted  Load  at  its  Free  End. — ^When  a  cantilever  is  loaded  with 
a  distributed  weight  of  ti^  per  foot,  and,  in  addition,  a  concentrated 
load,  W,  at  its  end,  B,  we  get 

.Mo  =  ^  +  Wi        .        .        .      (16), 

-M.  =  ^  +  Waj      .        .        .       (17). 

Diagram, — The  curve  of  moments  of  this  cantilever  is  a  curve, 
the  ordinates  of  which  are  equal  to  the  sum  of  the  ordinates  of 
the  diagrams  for  each  load  taken  separately. 

Example  12. — ^A  cantilever,  30  feet  span,  is  covered  with  a 
uniform  load  of  2  tons  per  foot,  and,  in  addition,  has  a  con- 
centrated load  of  5  tons  suspended  from  its  free  end ;  find  the 
maximum  bending  moment,  and  also  that  at  the  centre. 

M,^  «  2  X  30  X  15  +  5  X  30  =  1,050  foot-tons, 

M^   =  2  X  15  X  ^  +  5  X  15  =     300  foot-tons. 

BxampU  13. — ^In  the  last  example,  what  will  be  the  bending 
moments  if  an  additional  concentrated  load  of  10  tons  be  placed 
at  the  centre  of  the  cantilever) 

M,^  =  1,050  + 10  X  15  « 1,200  fooirtons. 

The  bending  moment  at  the  centre  is  not  affected  by  this  load. 

90.  Cantilever  Loaded  Uniformly  over  part  of  its  Length.— Let 
the  cantilever,  A  B  (fig.  46),  be  uniformly  loaded  with  w  per 
foot  over  the  length  a  at  its  free  end. 


Digitized  by 


Google 


90 


BENDING  MOMBNTO  FOB  FIZSD  LOADS. 


-M,-wa(i-?)        .        .        (18). 
-M.  =  »«(«!- I)  .        (19). 


vrhen  x>a,  the  distance  x  being  reckoned  firom  the  free  end. 


-M. 


(20). 


wh6iia;<a  or  x  ^^  cu 


r 15 U 


wa^ 


Fig.  46. 

2>ia^mm.--Ai  B^  «  A  B,  Cj  Bj  =  C  B  =  a. 

Set  off  the  vertical  A^  Aj  =  fi;a  U  -  ^\ 

Join  Aj  to  the  central  point  of  C^  B^. 

Draw  the  semi-parabola  B^  D2O2 ;  C^  0^  being  «>  ^ 

The  diagram  curve  is  A^  O3  Dg  B^ ;  which  is  made  up  of  the 
straight  line  A^  C^  and  the  parabolic  6urve  Cj  Do  B^,  the 
straight  line  being  a  tangent  to  the  curve  at  the  point  cL 

Example  14. — ^A  semi-beam,  24  feet  long,  has  a  load  of  1|  tons 
per  foot  distributed  over  one-half  the  beam  reckoning  from  the 
free  end.  Determine  the  bending  moments  at  the  fixed  end, 
and  at  8  feet,  12  feet,  and  18  feet  from  the  fixed  end. 
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-  M,  =  I  X  12  X  (24  -  ^)  -  324  foot-toiu, 

-  1^  ~  I  X  12  X  ^6  -  ^^  =  180  fooUoiu, 

-  Ma  «  I  X  ^^  -  108  fooMoM,      , 


-M».?.f 


^    =    27footrtonfi. 


91.  Beam  of  Uniform  Section  securely  Fixed  at  the  Ends  and 
Loaded  at  the  Centre. --When  a  beam,  A  B  (fig.  47),  is  firmly 
fixed  at  its  ends,  by  being  built  into  walls  or  otherwise,  and 
loaded  at  its  centre,  it  will  assume  a  shape  similar  to  that 
shown  by  ilie  line  A^  B^  the  two  end  portions  being  curved 


Fig.  47. 

spwards  and. the  central  portion  downwards;  the  two  points^ 
S^fY^  where  the  curvature  alters,  are  called  the  points  of  ccnt^ary 
nMGwrty  the  two  carves  having  common  tangents  at  these 
points. 

At  the  points  of  contrary  flexure  with  beams  of  uniform 
section,  theoretically,  there  is  no  bending  moment.  The  beam 
A  B  may,  therefore,  be  considered  as  being  made  up  of  three 
different  beams — viz.,  the  central  beam,  ff  and  the  two  canti- 
levers, A/ and  B/. 
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It  may  be  proved  by  mathematical  investigation  that  vith 
a  beam  thus  fixed  and  loaded  with  a  central  weight,  the  dis- 
tances, A/  and  B/  of  the  points  of  contrary  flexure  from  the 

near  abutments  are,  each  of  them  equal  to  -j^,  where  I  =  span  of 

the  beam,  the  central  portion,  //,  being  =  ^  ^ 

First  consider  the  central  portion,  //,  which  may  be  taken 

as  an  independent  beam  of  span  -^  resting  on  two  supports  at 

/and/  and  loaded  at  the  centre  with  a  weight,  W. 
The  bending  moment  at  the  centre  is 

M  =  ^      .        .        .        .      (22). 

At  a  point  situated  at  a  distance,  Xy  &om  the  abutment 

W/      I' 


^-  =  ?(*-i)        •        •        •      (^^>' 


when  a;  >  -T-. 
4 

Next  consider  the  end  portions  A/,  Bf.     These  are  equi- 
valent to  cantilevers  fixed  at  the  ends,  A  and  B,  and  loaded  at 

W 
the  firee  ends,//,  with  weights  -^.     The  maximum  bending 

moments  of  these  cantilevers  occur  at  the  fixed  ends,  and  are 

-M^=-Mb  =  "^    .        .        .        (24). 

The  bending  moments,  therefore,  at  the  centre  and  at  the  two 
ends  are  equal  to  each  other  but  of  opposite  sign— one  being 
positive  and  the  others  negative. 

Diagram, — To  construct  the  diagram  of  moments,  take  the  line 

As  B,»  A  B.     Make  A,/,  and  B,/  each  equal  to  j.     From  G^ 

Wl 
the  centre  of  the  beam,  draw  the  vertical  Oj  Cj  upwards  =  -5-, 

Ci  O2  is  drawn  upwards,  as  the  moment  at  0  is  positive*     Next 

draw  A^A,  and  B^B,  doumwards,  making  each  =-o-*     These 

ordinates  are  drawn  downwards,  because  the  moments  at  A 
and  B  are  negative.    Join  A3  C^  and  B,  C, ;  these  lines  will  inter^ 
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sect  Aj  B,  at  the  points  ft,  ft)  f%  ^tf%  will  be  the  triangle  of 
bending  moments  for  the  centnd  portion,  ff^  of  the  beam,  and 
As/aA,,  B,/,  B,  will  be  the  triangles  of  bending  momenta 
for  the  end  portions  A/ and  B/ 

It  will  be  seen  that,  taking  the  beam,  A  B,  as  a  whole,  there 
are  three  sections  where  the  bending  moments  are  equal — 
namely,  at  A,  C,  and  B;  and  further,  the  moments  at  these 
sections  are  greater  than  at  any  other.  Also,  there  are  two 
sections,  namely,  at  the  points  of  contrary  flexure,  /  and  f^ 
where  the  bending  moments  are  zero. 

It  will  also  be  observed  that  a  beam  of  uniform  section  with  its 
ends  firmly  fixed  is  twice  as  strong  to  resist  transverse  stress  as 
a  beam  of  the  same  length  and  section  whose  ends  are  free, 

inasmuch. as  the  maximum  bending  moment  (~-o^)  ui  the  first 

case  is  only  one-half  that  (~t~  )  in  the  second  case. 

Example  15. — A  beam,  20  feet  span,  has  its  ends  firmly  fixed 
by  being  imbedded  in  the  abutments.  It  has  a  central  load  of 
10  tons  resting  on  it  What  are  the  bending  moments  at  the 
ends  and  centre  of  the  beam ;  also  at  points  distant  3  feet  and 
7  feet  from  one  of  the  abutments  ? 

^  ^      W^     10x20     „..    ^^ 

-Ma«  -Mb  =  -«— =  — ^ — -=25  foot-tons. 


Wl 
8 


+  Mo  =  -5—  =  26  foot-tons. 


-M3  =r  5  X  2  =  10  foot-tons. 

+  M7  =  y  (*- j)  =  ^  (7 -6)  =  10  foot-tons. 

92.  Beam  of  Uniform  Section  Fixed  at  the  Ends  and  Loaded 
Unifonnly. — AB  (fig.  48)  represents  a  beam  of  span,  ^,  with  its 
ends,  A  and  B,  firmly  embedded  in  the  abutments,  and  loaded 
tiniformljt  over  its  entire  length  with  to  per  foot.  A  beam  thus 
loaded  becomes  bent  in  a  manner  similar  to  that  in  the  last  case, 
but  the  points  of  contrary  flexure,  ff^  do  not  occupy  the  same 
positions.  It  may  be  demonstrated  by  mathematioed  analysis 
that  in  beams  thus  fixed  and  loaded,  the  points  of  contrary 
flexure  occupy  positions  such  that 

A/=B/=-21U,  or//  =  -578t 
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This  beam  may,  therefore,  be  resolved  into  three  independent 
ones — viz.,  a  central  beam,  ffy  of  span  =  -578  ^  resting  on 
two  supports  9i,t  f^ff  and  loaded  uniformly  with  w  per  foot ;  and 


two  cantilevers,  A/  B/  whose  lengths  B*211i,  and  which  are 
loaded  uniformly  with  w  per  foot,  and  also  with  a  concentrated 
load  at  their  extremities  =:'289ti7/. 

To  express  the  bending  moments  algebraically  we  have 


^       w  X  (-578  Z)2      wP^ 


(25). 


-  M^=  ^M,^  '""^'I^^Q'  -,  '2S9wl  X  >21H  ^  ?g|     (26). 


(27). 


From  equations  (25)  and  (26)  it  will  be  seen  that  the  bending 
moment  at  the  centre  is  one-third  that  of  the  same  beam  free 
at  the  ends.  Also,  that  the  moment  at  the  bearings  is  double 
that  at  the  centre  of  the  beam.  From  this  it  follows  that  the 
strength  of  a  beam  embedded  at  the  ends  and  loaded  uniformly 
is  theoretically  once  and  a  half  that  of  the  same  beam,  the  ends 
of  which  merely  rest  on  the  abutments. 

Diagram, — Draw  A^  B^  «  A  B,  and  make  Aj/^  «  Bj^  =  A/=  B/. 
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Draw  the  vertical  0^  0,  »  -^,  and  draw  the  parabolic  curve, 

fi  ^2^ '  ^^^  ordinates  of  this  curve  will  ^ve  the  moments  at  the 
different  points  of  the  central  portion,//,  of  the  beam.     Next 

draw  the  verticals,  Aj  A^,  B^  B,,  downwards,  and  equal  to  -r^, 

and  construct  the  curves  Aj/i,  Bg/^.  The  ordinates  of  these 
curves  will  represent  the  bending  moments  of  the  ends,  A/ and 
B/^  of  the  beam.  The  shaded  portion  of  the  fig.  will  represent 
the  diagram  of  moments  for  the  whole  beam. 

Example  16. — ^A  beam  34  feet  long,  of  uniform  section,  is  loaded 
uniformly  with  a  weight  of  3  cwts.  per  lineal  foot.  If  the  beam 
be  firmly  fixed  at  the  ends,  determine  the  points  of  contrary 
flexure ;  also,  the  bending  moments  at  the  ends  and  centre,  and 
at  4  feet  from  the  centre. 

The  distances  of  the  points  of  contrary  flexure  from  the  abut- 
ments =-211  X  34  =  717  feet. 

Bending  moment  at  centre, 

M„  =  ^=^'  =  240-8  foolH.wts. 

Bending  moment  at  ends, 

-  M^  =  -  Mb  =  ^  =  481-6  footHJwts. 

At  a  point  4  feet  from  the  centre,  »  «  13. 
From  equation  (27), 

M.  =  ^^  X  21  -  ^'  =  200-9  footKTwte. 

98.  Beam  Supported  at  One  End  and  at  an  Intermediate  Point 
between  its  Two  Ends,  and  Loaded  at  the  other  End.— In  fig.  49 
let  the  beam  A  C  be  anchored  down  to  the  abutment  at  A,  and 
rest  on  the  pier  B,  and  be  loaded  with  a  weight  W  at  C. 

This  is  precisely  the  same  case  as  that  of  a  beam  resting  on 
two  abutments,  and  loaded  with  a  single  weight  at  an  intermediate 
point,  except  that  the  bending  moments  in  all  parts  of  the  beam 
are  negative. 

LetAB  =  /i,BO  =^AC  =  l 

*  Ci 
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The  beam  may  also  be  regarded  as  two  cantilevers,  A  B  and 
B  0,  loaded  at  their  free  ends  with  P  and  W;  the  ends  at  B  being 
£xed. 


JEiiEf 


The  bending  moment  at  a  distance  x  from  A  i 


(28). 


The  bending  moment  at  a  distance  X|  from  C  is 
-  M    =  Wa-j. 

The  maximum  bending  moment  occurs  at  B,  and  is — 
-  Mb  =  P/i  =  Wt 

jDiajram. — To  construct  the  diagram  of  bending  moments. 
Draw  Bi  Bj  vertically  downwards  equal  to  W  ^„  on  a  scale  of 
anoments  :  join  B,  Ai,  B,  0,,  then  Ai  B,  Oi  will  be  the  triangle  of 
moments ;  the  ordinate  ki  ki  will  repi-esent  the  moment  At  kk^ 
and  mi rrii  that  At  mm.  It  will  be  noticed  in  this  case  that  all 
the  moments  are  negative. 

If  the  beam  be  loaded  in  addition,  with  a  single  concentrated 
weight  on  the  span  A  B,  as  shown  in  ^g.  50,  the  amount  and 
jiature  of  the  bending  moments  become  altered.  Let  this 
weight  =  Wj,  placed  at  a  distance  m  from  A. 

By  taking  moments  about  A  we  get — 

^       W(l,  +  k)  +  W,m 
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Knowing  Q,  we  can  find  the  bending  moment  at  any  section  of 
A  R     At  the  point  of  application  of  W^,  for  example,  we  get — 


o.   fO 


a  01 


Figs.  SO  and  51. 

This  moment  is  positive  or  negative  according  as 

Q(^i-  m)>or<W(/,  +  l^^m) 

The  bending  moment  at  Wj  may  also  be  found  in  terms  of  P, 
thus — 

h 
P  acts  downwards  if  W  /  >  Wj  (^^  -  w) ;  and  acts  upwm-da  if 

Diagram.— J)x9M  Bj  B,  downwards  =  W  4.      If  the  moment 
at  D  be  positive,  draw  the  vertical  Dj  D,  npufards,  and 

-Q(^i-m)  -  W(Z,  +  ;i-w) 
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Join  Ai  D2,  Ba  Df,  and  B,  Cp  The  shaded  figure  ^ill  indicate 
the  diagram  of  bending  moments,  and  the  length  of  the  ordinates 
above  or  below  the  line  A^  Oi  will  represent  the  moments  at  the 
oorresponding  sections  of  the  beam. 

If  the  moment  at  D  be  negative,  the  ordinate  at  D^  must  be 
drawn  downwards  as  Di  D,,  in  fig.  51 ;  the  bending  moments 
throughout  the  beam  will  then  be  negative,  and  will  be  repre- 
sented by  the  ordinates  of  the  shaded  diagram  in  fig.  51. 

Fxample  17.— In  fig.  50  A  B  =  12.  B  0  =  6.  A  weight  of  5 
tons  rests  at  0,  and  a  weight  of  12  tons  at  D.  AD  being  equal 
to  8  feet,  determine  the  bending  moments  at  D  and  B,  and  at  a 
point  midway  between  A  and  B. 

Beferaing  to  the  equations  previously  given,  we  g^t — 

^      5  X  18  +  12  X  8       --.^ 
Q  = Yo *=  ^"'^  *^^^' 

^      12  X  4-6x6       ,.^ 
P  =  ^-rt =  1*5  tons. 

As  P  is  positive  it  acts  in  an  upward  direction. 
-  Mb  =  5  X  6  =  30  foot-tons. 
Mb  »  1*5  X  8  =>  12  footrton& 

The  bending  moment  at  the  centre  of  A  B,  or  at  a  distance  of 
6  feet  from  A,  is — 

Me»Px6sl-5x6»9  foot-tons. 

SxamplelS, — ^A  beam  of  the  same  dimensions  as  in  example 
17,  is  loaded  over  A  B  with  a  distributed  load  of  2  tons  per  foot. 
A  weight  of  10  tons  rests  on  the  extremity  C.  Determine  the 
bending  moments  at  B,  at  the  centre  of  A  B,  and  at  a  section  J), 
4  feet  from  A. 

Here  we  have  w  «  2,  W  =r  10,  Z^  »  12,  Z,  =»  6^  a;  »  4. 

^      10  X  18  +  24  X  6      ^„. 

^      24x6-  10  x6      ^, 
F  « Y2 *  ^  ^^^ 

-  M^  »  10  X  6  »  60  foirtrtona; 
M|,-Paj-^-7  X  4.i^  =  12foot-tona. 


M^.  =  7  X  6  -  ?4—  -  6foot.tona 


2 
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To  find  the  position  of  the  point  of  contrary  flexure ;  we 
ohtain  from  equation 


M.  =  Pa:- 


2 


by  making  M,  »  0 


Paj-  -S--0,  or 


P=: 


wx 


2P 
w 


2x7 


2        ••■^        w  2  ' 

The  point  is  consequently  7  feet  from  A. 

91  Beam  Supported  at  Two  Points  inteimediate  between  the 
Ends* — ^A  D  (fig.  52)  represents  a  beam  supported  at  B  and  C, 
where  AB  = /p  BO  =  4  CD  =  ^. 

First  consider  the  case  when  such  a  beam  is  loaded  at  its 
extremities  with  two  weights,  Wj  and  Wp. 

The  values  of  the  supporting  forces  at  B  and  0  are — 

p  ^  ^lih -^  h)  -  ^ih  by  taking  moments  about  C. 
Q  ^  ^8(^2+  h)-^i\  ijy  taking  momenta  about  B. 


i^tf-Me 1?< ^  li — /.      *r 


Fig.  62. 
The  bending  moments  at  B  and  C  i 

-  Mb  =  W,./,or  =  W,(i,  +  ij)  -  Qi, 

-  Mo  =  Wt.ltOT  =  W,{1,  +  «i)  -  Pi. 


.    (29). 
.    (30). 
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The  bending  moment  at  any  section  of  the  beam  situated 
at  a  distance  from  B  =  a;,  is 

-  M,  =  Wi(^i  +  a)  -  Pa?  =  Wj(i,  +  /,  -  aj)  -  Q(;,  -x)  (31). 

Example  19. — ^A  beam,  AD  (fig.  52),  30  feet  long,  is  sup- 
ported at  two  points,  B  and  C,  so  that  AB  =  5  feet,  BO  =  15 
feet,  C  D  =  10  feet.  "Weights  of  5  tons  and  4  tons  rest  on  the 
extremities  A  and  Di  Draw  the  diagram  of  moments,  and  find 
the  value  of  the  bending  moment  at  a  point  midway  between 
BandO. 

Using  the  notation  previously  adopted,  we  have 

^  =  6,  i,  =  15,  ^  =  10,  Wi  =  5,  W,  =  4,  oj  =  7-5. 

Substituting  these  values  in  the  previous  equations,  we  get 

^      5  X  20  -  4  X  10       .  ^ 

P  = ^-= =  4  tons. 

15 

^      4x25-5x5 

Q  = p =  5  tons. 

From  equations  (29),  (30),  and  (31),  we  find 

-  Mb  =  5  X  5  =  25  foot-tons. 

-  Mo  =  4  X  10  =  40  foot-tons. 

-  Me«,.  =  5  X  12-5  -4x7-5  =  32-5  foot-tons. 

95. — Next  consider  the  case  of  a  beam  similar  to  the  last,  but 
loaded  with  an  additional  weight,  W,  at  a  point  between  B  and 
Cy  and  at  a  distance,  m,  from  the  former.     In  fig.  52, 

W(^.-m)  +  W,(f.  +  i,)-W.^ 

^ w  • 

-M,  =  W,iiOr  =  W,(^  +  g +  WOT-QZ,       .        .        (32). 

-  M„  =  W,^ or  =  W,(«,  +  4)  +  W(^  -  m)  -  P^      .        (33). 
±  M,  =  P»»  -  Wi(^  +  »»)  or=Q(/;-»n)-W,(?,  +  ^-m)     (34). 

The  value  of  the  bending  moment  at  any  section  of  the  project' 
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ing  arms,  A  B  or  C  D,  is  given  by  the  equation 

-  M,=  W,ar,  or-  M,  =  W^a:, 

where  x  =  distance  of  the  section  from  the  end  of  the  beam. 

The  general  expression  for  the  bending  moment  of  any  section 
of  the  beam  between  B  and  0,  at  a  distance,  x^,  from  B,  is 

±  M,^  =  P  a,  -  Wi  (Z,  +  aji) 

or  =  Q'(Zs  -  Xi)  -W(w  -  Xi)  -W,(^+  Z,-  x^)  (35), 
when  the  section  lies  to  the  left  of  W ;  and 
±  M,^  =  PiCi  -  W  (xi  -  m)  -  Wi  {I,  +  xi) 

or  =  Q  (Za  -  Xi)  -  W,  (Z,  +  Z,  -  a,)        .        .        (36), 
when  the  section  lies  to  the  right  of  W. 

It  will  be  seen  that  M.  may  be  positive  or  negative,  according 

to  the  relative  values  of  the  different  weights  and  dimensions. 

It  also  appears  that  the  values  of  the  bending  moments  at 
B  and  C  are  not  affected  by  the  addition  of  W. 

Example  20. — In  the  last  example  obtain  a  solution  of  the 
problem  when  an  additional  weight  of  10  tons  rests  on  the 
centre  of  B  0. 

Zi  =  5,Z,  =  15,  Z,  =  10,Wi  =  5,  Wa  =  4,W  =  10,  m  =  7-5. 

Substituting  these   values    in  equations   (32),    (33),   (34),   and 
the  two  previous  ones,  we  obtain 

o     10x7-5  +  5x20-4x10     ^, 

r  = r-= =  9  tons. 

15 

^     10x7-5  +  4x25-5x5     ,^  ^ 
Q  = Y^ ~  *^  *^*^ 

-  Mb  =  5x5  =  25  foot-tons. 

-  Mc  =  4  X  10  =  40  foot-tons. 

Mp = 9  X  7-5  -  5  X  12-5  =  5  foot^tons. 

In  ^g.  52,  which  is  drawn  to  scale,  make  the  vertical  Bj  B, 
=  Mb  =  25,  and  Ci  Cj  =  Mc  =  40.  Also  draw  Fj  Fj  upwards  =  5 
Join  A1B2,  BjFa,  FjOft  C,Di.  The  shaded  figure  will  repre. 
sent  the  complete  diagram  of  moments. 

It  will  be  seen  that  the  moments  are  negative  for  all  parts  of 
the  beam  except  E  Ei. 
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The  points  E  and  Ej,  where  B3  F,,  C3  F,  intersect  Ax  D^,  are  the 
points  of  contrary  flexure  where  the  bending  moments  are  zero. 

To  find  the  position  of  these  points  analytically.  If  a^  =  dis- 
tance of  E  from  B|,  then,  since  M^  =0,  we  get  from  equation  (35) 

or,  «i(P-WO  =  Wa/,. 

The  point  E  is,  therefore,  distant  from  Bi  =  6'25  feet,  which 
agrees  with  the  distance  as  found  by  scale.  Again,  putting 
a^>=B|  El,  we  get  from  equation  (36) 

M^  =  Pa:i-W(a:a-7»)-Wi(^+a^)  =  0. 

aj,(P-W-Wi)  =  W,?i-Wf». 

WiZ,- Ww_5x5-10x7-6     Q„,    . 

•••  ^  =  p-w-w, — 9~io:rr"=^'^  ^^*- 

The  point   of  contrary  flexure  £1  is  consequently    8*8    feet 
from  Bj. 

Example  21. — In  example  19  determine  the  bending  moments 
of  the  beam  if  the  central  portion,  B  0,  is  uniformly  loaded  in 
addition  with  1|  tons  per  foot. 

l,  =  5,  ^,=  15,  ^3=10,  W,  =  5,  W,=4,  tir=li. 
Taking  moments  about  C  and  B  in  succession,  we  get 

5x20+|.<^'-4xl0 
P= j^^ =15-25  tons. 

4x25+|.^-5x6 
Q  = jg =  16-25  tons. 

The  bending  moments,  B  and  C,  are  not  aflected  by  the 
additional  load  on  B  C.     We  have,  therefore,  as  before, 

-  Mb  =  25  foot-tons, 

—  Mc  =  40  foot-tons. 
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At.the  centre  of  the  span,  B  C,  x  =  7'b  £eet; 

±M^  =  15-25  X  7-5-5  X  125  -|  x  ^I^«9-69  foottons. 

Prom  this  it  is  seen  that  the  moment  at  the  centre  is  positiye. 

In  order  to  find  those  points  on  the  beam  'which  have  no 
bending  moment,  we  must  put  M.=0;  we  then  obtain — 

X  being  the  distance  of  the  points  of  contrary  flexure  from 
B. 
Substituting  the  values  of  F,  l^  &c.,  in  this  equation,  we -gat 

15-25  a:-5x5-5a;-fa:a  =  0; 
or,  3a^-41a?-i- 100  =  0. 

Solving  this  quadratic  equation,  we  find — 

a;«10'5anda;B=3'18. 

There  'will  be  no  bending  moments,  therefore,  on  those  sections 
of  the  beam  whose  horizontal  distances  from  B  are  10*5  £aet  and 
3-18  feet 

Bekdxbo  Momkrts  oh  Continuous  Bbaiis. 

06.  Definition* — ^When  a  uniformly  loaded  beam  is  supported 
at  its  ends  it  becomes  deflected  in  the  manner  shown  in  fig.  53, 
the  upper  edge  of  the  beam  being  concave  and  the  lower  edge 
iConvex,  and  the  bending  moments  throughout  its  length  will  be 
positive.  If,  while  in  this  position,  a  central  prop  be  placed 
underneath,  it  will  assume  a  form  similar  to  that  shown  in 
fig.  54.  The  portions  A  D  and  E  B  will  be  curved  downwards, 
while  the  portion  DE  over  the  central  pier  will  be  curved 
upwards ;  the  upper  edge  in  the  latter  case  being  convex  and 
the  lower  edge  concave.  At  the  two  sections  of  the  beam  J} 
and  E,  where  the  convex  curve  meets  the  concave,  there  will 
be  no  curvature.  These  are  called  the  sections  of  contrary 
flexure,  or  the  points  of  contrary  flexure,  or,  simply,  the  jyoints  qf 
ir^lexion. 
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The  beam  shown  in  fig.  54  may,  therefore,  be  considered  to 

be  made  up  of  three  sepa- 
rate and  independent 
beams — viz.,  AD,  D  E, 
and  E  B. 

A  D  and  E  B  are  sup- 
ported at  their  extremities, 
and  DE  is  supported  in 
the  middle  in  the  form  of 
a  double  cantilever.  The 
bending  moments  through- 
out AD  and  EB  are 
positive;  while  those  in 
D  E  are  negative.  At  the 
points  of  contrary  flexure, 
D  and  E, there  are  no  bend- 
ing moments ;  there  being 
Figs.  53,  54,  55.  ^^jy   gJiearing  actions   at 

these  sections. 
With  a  stationary  load,  the  positions  of  D  and  £  remain 
stationary,  and  when  the  load  is  uniformly  distributed,  the 
distances  of  D  and  E,  from  the  central  support,  are  the  same 
when  the  two  spans  are  equal.  With  a  passing  load,  the  points 
of  inflexion  change  with  each  position  of  the  load.  This  com- 
plicates the  question  a  good  deal.  If  the  left-hand  span  be 
loaded  more  than  the  right,  it  has  the  eflect  of  moving  the 
points  of  inflexion  towards  the  right.  If  this  preponderance  of 
loading  bo  great,  the  right-hand  portion  may  be  lifted  altogether 
off  the  abutment,  as  shown  in  fig.  55.  In  this  case,  instead  of 
there  being  three  ind '^pendent  beams,  there  will  only  be  two — 
namely,  A  D  and  D  B.  In  the  first  the  bending  moments  will 
be  positive,  and  in  the  second  negative. 

Keferring  to  fig.  54,  if  ihe  beam  be  uniformly  loaded,  the 
reactions  at  the  abutments,  A  and  B,  will  be  equal  to  one-half 
the  loads  on  A  D  and  E  B  respectively,  and  the  reaction  at  the 
central  support,  0,  will  be  equal  to  the  load  on  D  E  plus  one-half 
the  loads  on  A  D  and  E  B.  The  amount  of  these  reactions  for 
beams  of  equal  section  has  been  given  in  Ohapter  Y. 

97.  Determination  of  the  Position  of  the  Points  of  Inflexion  of 
Continuous  Beams  of  two  equal  Spans  and  of  Uniform  Section. — 
When  the  reactions  at  the  different  points  of  support  of  a  con- 
tinuous beam  are  known,  it  is  a  simple  matter  to  determine  the 
points  of  contrary  flexure. 
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LetAC  =  OB  =  ^, 

w   ^  distributed  load  per  unit  of  length  in  A  C, 
^1  =  »  »  »  C  B, 

P,  E,  Q  =  reactions  at  the  points  of  support,  A,  C,  B, 

respectively, 
X  and  Qs^  =  horizontal  distances  of  the  points  of  inflexion^ 
D  and  E,  from  A  and  B  respectively ; 

Then,  since  P  =  half  the  load  on  A  D,  we  have — 

P  =  -o-j  or  a:  = —        .         .         (37). 
2  w  ^     ' 


In  the  same  manner  it  may  be  shown  that 
^       2Q 


w 


(38). 


Substituting  the  values  of  P  and  Q,  as  given  in  equations  (12) 
and  (13),  Chapter  V.,  we  find — 


3 

If  «7  =  tOi,  then  jc  =  a?!  =  J  /  .        .         (41). 

We  have  this  general  rule,  therefore,  that  in  contvmwua  heam9 
of  uniform  section  of  two  equal  spans  and  uniformly  loaded,  the 
distance  of  each  point  of  ir^exion  from  the  near  abutment  is  equal 
to  three-fourths  of  the  span  ;  or  the  distance  from  the  central  pier  19 
equal  to  one-fourth  of  Me  span, 

98.  Bending  Moments  in  a  Continuous  Beam  of  two  equal 
Spans,  and  of  Uniform  Section. — ^When  the  positions  of  tho 
points  of  inflexion  are  known,  there  is  little  difficulty  in  finding. 
the  curve  of  bending  moments. 

In  fig.  54  let  v)  and  Wi  be  the  weights  per  unit  of  length  on 
A  0  and  C  B. 

There  are  three  maximum  bending  moments  on  the  beam, 
occurring  at  the  centres  of  A  D  and  E  B,  and  at  C. 

Let  Mh  =  bending  moment  at  the  centre  of  A  D, 
Mk  =  bending  moment  at  the  centre  of  E  B, 
Mo  —  bending  moment  at  0. 
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A  D  and  E  B  are  uniformly  loaded  with  w  x  and  w^  x^  respectively. 

The  arm  D  C  of  the  cantilever  is  loaded  with  -jr-  at  its  ex- 
tremity,  and  w{l  -  oi^  distributed  over  it 

The  arm   C  E  is  loaded  with  — ^  at  its  extremity,   and 

w^(l  -  x^  distributed  over  it. 

We  have,  therefore,  as  the  values  of  the  maximum  moments 


+  Mh  =     g 

......    (42). 

+  Mc  =     g 

(*3). 

-Mc  =  ^.(f-a>) 

^«,(^.x).^«^(/^-.)    ^    ^^^^ 

Al«>-Mo      «"^(^2'*'^- 

By  substituting  the  values  of  x  and  x^  given  in  equations  (39) 
and  (40),  we  get  the  bending  moments  in  terms  of  to,  w^,  and  L 

I£  u)  =  Wij  then  x  ^  Xi  =  ^  L  Substituting  these  values  in 
equations  (42),  (43),  (44),  we  obtain — 

.     (45). 
.    (46). 


.     (47). 

We  thus  see  that  in  a  continuous  girder  of  two  equal  spans 
uniformly  loaded,  the  maximum  bending  moment  occurs  over 
the  central  pier,  and  is  greater  than  the  maximum  bending 
moment  of  the  two  spans  in  the  proportion  of  16  to  9. 

Diagram. — The  diagram  of  moments  for  the  beam  we  have 
just  been  considering  is  shown  in  fig.  56,  and  may  be  constructed 
thus : — 

Ai  Bi  is  drawn  equal  to  A  B  =  21; 


Mh 

9wt* 
128 

M. 

9v)l* 

"    128 

Mo 

_wli 
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Hi,  €,,  K„  are  the  eoitres  of  A,  D,,  Di  £|,  and  E|£, 
timely.     I>Faw   Hi  H^  and 
Ki  £s  Teriically  apwavda, 

and  equal  to  -  ^oa  *  ^^  * 

Bcale  of  moments,  and  oon- 
stmct  the  parabolic  corres 
Ai  H,  D„  and  £,  X,  B, ;  the 
ordinates  of  these  corves 
urill  repraent  the  moments 
at  the  corresponding  points 
of  A  D  and  £  B^  aiud  are  all  positiye. 

oally  downwards,  making  it  =  -^  on  the  same  scale  of  moments. 

I>raw  the  carves  Di  Os,  £i  Gs ;  the  figare  Di  €«  Ei  represents  the 
diagram  of  moments  for  the  portion  D  E  of  the  beam. 

99.  Bendiiig  Moments  in  a  Gontinaoas  Beam  of  Two  Equal 
Spans,  and  of  Umfonn  Strength  throughout  its  Length.— In  beams 
of  uniform  9§rengih  the  supporting  forces  are  (see  page  66)-» 


Wig.fKL 
Next  draw  Ci  C,  verli. 


P«Q  = 


fol 


when  loaded  with  a  uniform  load  of  to  per  unit  of  length. 
Ako,  a:  -  «,  -  ^  i: 

We,  therefore,  have  for  the  bending    moments  at  H,   K, 
and  C— 

+  Mh  =  ^^    .        •        .        .         (48). 


(49). 
(50). 


In  this  case  the  bending  moment  at  0  is  to  that  at  H  or  K, 
as  3  is  to  1. 

The  diagram  of  moments  for  this  beam  may  be  constructed  in 
a  precisely  similar  manner  to  that  iu  the  last  case. 

100.  Girders  of  Unifbnn  Stiength. — ^As  continuous  girders  of 
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large  span  in  actual  practice  are  designed  approximately  of 
nnifonn  strength  throughout  (that  is,  the  section  of  the  different 
parts  of  the  flanges  are  made  proportional  to  the  stresses  to 
which  they  are  exposed),  it  is  e\ddent  that  the  solution  just  given 
will  be  more  applicable  than  that  given  for  girders  of  uniform 
section.  It  must  be  borne  in  mind,  however,  that,  owing  to  the 
shifting  position  of  the  rolling  load,  the  points  of  contrary  flexure 
and  also  the  pressures  on  the  supports  vary,  and  the  girder  must 
be  so  designed  as  to  meet  all  these  variations.  If  the  piers  sink 
ever  so  little,  the  character  and  amount  of  the  stresses  will  be 
quite  altered.  Such  being  the  case  it  is  always  advisable  to 
allow  a  considerable  margin  of  strength  in  continuous  girders 
over  and  above  that  which  theory  indicates. 

Example  22. — A  girder  of  uniform  section  is  continuous  over 
two  spans  of  100  feet  each,  and  is  uniformly  loaded  with  1^  tons 
per  foot.  What  are  the  maximum  positive  and  negative  bending 
moments  of  the  girder  and  the  pressures  on  the  supports  ? 

Here  we  have  «?  =  1  J,  /  =  100. 

Pressure  on  abutments  are  (see  Table  XVI.) — 

P  =  Q  =  !«?/  =  I  X  ?  X  100  =  56-25  tons. 

Pressure  on  central  pier — 

R  =  -^w^  =  J   X  4  X  100  =  187-5  tons. 

Distance  of  points  of  inflexion  from  near  abutment  is 

3 

a;  s=  --  Z  =  75  feet. 
4 

The  positive  maximum  bending  moments  occur  at  a  distance 
of  37 '5  feet  from  each  abutment,  and  their  values  from  equations 
(45)  and  (46)  are— 

128    "  128 


Mfl  =  Mk  =  -^-o-  =  Tou =  1054-7  foot-tons. 


The  maximum  negative  moment  occurs  over  the  central  pier, 
and  from  equation  (47)  its  value  is 

-^^(100)2 


"8"  "        8 


.  Mc  =  ^  =  — 5 —  =  1875  foot-tons. 
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Example  23. — ^If  in  the  last  example  the  girder  be  of  uniforxa 
strength  throughout^  determine  the  solution. 

In  this  case  P  =  Q  =  -—  = ■ =  50  tons. 

o  a 

R  =  iio  Z  -  I  X  I  X  100  =  200  tons. 

Distance  of  points  of  inflexion  from  near  abutment  is 

-|  I  =  66-6  feet 

The  maximum  positive  bending  moments  occur  at  a  distance 
of  — ^  ^  33'3  feet  from  each  abutment^  and  their  values  are 
from  equations  (48)  and  (49). 

+  Mh  =  +  Mx  =  ^  -  — 7T—  =  833S  foot-tons. 
The  maximum  negative  bending  moment  is,  from  equation  (50), 

JflOO)* 

-  Mo  =  ^  =  ^ =  2500  foot-tons 

o  o 

Example  24. — Determine  the  positions  of  the  points  of  con- 
trary flexure  and  the  maximum  bending  moments  of  the  beam  in 
Example  11,  Chap.  Y.,  and  draw  a  diagram  of  the  same. 

to  «  2,  tt^i  =  3,  Z  =  50. 

P  =  34-375,  Q  =  59-375,  R  =  156-25. 

The  first  thing  to  be  done  is  to  find  the  points  of  inflexion 
These  are  determined  from  equations  (39)  and  (40). 

^  ^  7«^  ■  foi^  ^  7  X  2  --  3  ^  ^Q  ^  34375  feet 
Sto  8x2 

o  to  O  X   o 

From  equations  (42),  (43),  and  (44)  we  get  the  maximum, 
bending  moments  as  follows : — 
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+  Mh  =  !?^  -  2^3^*  _  2954  foot^tonB. 

O  O 

Ti/r        w'l^i^      3(39-58)2      _.  ^^    ^^ 
+  Mk  =  — =5-^  =  —^-73 — -  =  587-5  foot-tons, 
o  o 

.  M„  =  ">^V">  =  ^  '^  ^Q  r  ^^'^'^  -  781-25  foot^tons. 

Also.  -Me  -  «Li£:i^  -  ^  ^  '\^  ^Q-^^  -  781-25  foot-tons, 

which  proves  the  correctness  of  t^e  results. 

Example  25. — In  the  last  example  determine  the  solution 
when  the  beam  is  covered  with  a  uniform  load  of  2^  tons  per 
foot. 

Here  we  have 

tc;=tc7j  =  2-5,  Z=50. 
P  =  Q=.  I X  2-5  X  50  =  46-875  tons, 
R=  6  X  2-5  X  50  =  156-25  tons, 
a.=raj^= I  X  50  =  37-5  feet 

MH  =  MK=^^^^;y^=439-5  fooi^tons, 
«  M„«  2;5^0)2 ^  yg^.25  foot^tons. 

In  this  example  the  totalload  on  the  beam  is  the  same  aa  in- 
the  last,  but  differently  distributed. 

The  distances  of  the  points  of  inflexion  from  the  abutments  are 
a  mean  of  those  in  the  last  ca«e,  so  also  is  Uie  positive  maximum 
bending  moment^  while  the  negative  maximum  moment  remains 
the  same. 


CHAPTER  VII. 

BBNDING  MOMENTS  FOB  MOVING  LOiiDSL 

IOC  DMMtioiL — A  moving  or  ihsvelUnff  load  on  a  beam  is  one 
which  occupies  different  positions  at  different  times.    The  terms 
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lw9  hmi  and  rolling  load  are  also  used  to  designate  this  class  of 
loads.  An  example  of  a  moving  load  on  a  bridge  is  a  railway 
train  as  it  passes  over  it.  The  length  of  load  may  be  equal  to 
or  greater  than  the  span  of  the  bridge,  or  it  may  be  less.  In 
the  former  case^  at  some  moment  the  span  will  be  loaded  through- 
out its  entire  length.  A  moving  load  affects  a  beam  both 
statically  and  dy7ux.micaUy,  The  latter  plays  an  important  part 
in  the  case  of  bridges  of  small  span,  when  the  velocity  of  the 
rolling  load  is  great ;  and  its  effect  must  be  taken  into  account. 
This  will  be  treated  of  in  Chapter  XXIII.  In  the  present  chapter 
the  statical  effect  only  of  moving  loads  will  be  considered. 

102.  Beam  supported  at  Both  Ends,  and  exposed  to  a  Unilbim 
Moving  Load,  less  in  Length  than  the  Span.— In  fig.  51  let  the 
beam  A  B  be  exposed  to  a  uniform  load  moving  over  it     Each- 
section  of  the  beam  will 
have  a  different  bend- 
ing moment  according 
te  the    different    posi- 
tions   which   the    load 
occupies    relatively    to 
the  section.      An    im- 
portant case  is  te  deter- 
mine what  position  of 

the  load  will  produce  the  maximum  bending  moment  on  any 
particular  section  of  the  beam.  This  we  will  now  proceed  to 
investigate. 

Let  ^= span  of  the  beam, 

a  « length  of  the  load, 

to  =s  weight  of  load  per  unit  of  length, 

a;»  distance  of  section  c  c  of  beam  from  A, 

^8  distance  of  this  section  from  the  celitre  of  gravity 
of  the  load. 

The  total  load^t/^a,  and  it&  centre  of  gravity  is  K.  As  ini 
previous  chapters,  F  and  Q  represent  the  reactions  at  the  abut* 
ments 

p    wajl-x-y) 

^ 1  ' 

wa{x^y) 
Si-         I 
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Considering  the  portion  of  the  beam  to  the  left  of  e  e,  and 
taking  moments,  we  get — 

M..P.-?  (!-,)(?-,>       • 

Substituting  for  P,  its  value,  we  get — 

wax  f^      .     toa^    to  /      2 ax      \  ,-» 
^(i-«)--g-+2(a-^f— yjy     .    (1). 

This  is  the  general  equation  for  the  bending  moments.  To 
find  the  position  of  the  load,  so  that  this  expression  may  be  a 
maximum,  we  must  find  the  value  of  ^,  which  makes  it  so. 

M.  will  be  a  maximum  when  the  expression 

/        2ax        \ 

ia  a  maximum,  and  this  will  occur  when  the  two  factors  of  this 
expression  are  equal  to  each  other,  or  when 

2ax 
a--p_y-y, 

that  is,  when 

y 27  •        •        '        ^^^• 

This  equation  gives  us  the  distance  of  the  centre  of  the  load 
from  c  c  when  the  bending  moment  at  that  section  is  greatest. 

To  find  the  maximum  bending  moment  at  c  c,  substitute  the 
value  of  y,  given  in  equation  (2),  in  equation  (1),  and  we  get> 
by  reducing, 

M.-^p'"(^-«)(2i-«)     •        •        (3). 

This  is  the  equation  of  the  maximum  bending  moments  in 
the  beam  during  the  passage  of  the  load.  The  locus  of  these 
moments,  plotted  graphically,  may  be  shown  to  lie  in  a  para- 
bolic curve,  the  apex  being  above  the  centre  of  the  span.  The 
maximum  of  these  maxima  occurs  at  the  centre  of  the  span, 
and  its  value  may  be  found  analytically  from  equation  (3)  by 

putting  OS  s  g.     Making  this  substitution,  we  get 

M^^^{2l-a).        .        .        (4). 
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The  graphic  representation  of  the  maximum  bending  moments 
of  the  beam,  under  consideration,  may  be  found  by  erecting  an 

ordinate  at  the  centre  =  -^{21  —  a)  and  drawing  a  parabolic 

curve  passing  through  the  end  of  this  ordinate  and  the  extremi- 
ties of  the  beam. 

Example  1. — An  advancing  load,  20  feet  long,  of  3  tons  per  foot, 
comes  on  to  a  beam  50  feet  span  from  the  left  abutment.  What 
are  the  maximum  bending  moments— (1)  at  15  feet  from  the  lefb 
abutment,  and  (2)  at  the  centre  of  the  span?  and  what  must  be 
the  positions  of  the  load  to  produce  these  moments  ? 

«7  =  3,        jc  =  15  and  a;  =  25,        Z  =  50,         a  =  20. 

To  find  the  positions  of  the  load,  which  produce  the  maximum 

bending  moments,  substitute  the  above  values  in  equation  (2), 

and  we  find 

20(50-2  X  15)       .  .    ^,     «    ^ 

y  =  — —^ ..-TT =  4  in  the  first  case. 

^  2  X  oO 

That  is,  the  centre  of  the  load  is  4  feet  to  the  right  of  the 
section  or  19  feet  from  the  left  abutment. 

In  the  second  case,  putting  ;r  =  25  in  equation  (3),  we  get 
^=  0,  or  the  centre  of  the  load  is  at  the  centre  of  the  beam. 

In  the  first  case  the  maximum  moment  is,  from  equation  (3), 

Mi5  =  — o75o\g       X  35  X  80  =  504  foot-tons. 

In  the  second  case,  from  equation  (4),  we  get 

Mem,  =  ^-^g^(100  -  20)  =  600  foot-tons. 

Example  2. — A  railway  train,  200  feet  long,  weighing  1 J  tons 
per  foot,  comes  from  the  left  on  to  a  bridge  300  feet  span  consist- 
ing of  two  main  girders.     What  must  be  the  position  of  the  train 
on  the  bridge  to  produce  maximum  bending  moments  on  the 
girders  at  sections  50  feet  from  the  left  abutment  ? 
For  each  girder  we  have — 
5 
to  =  g,        a?  =  50,        Z  =  300,        a  =  200. 

Substituting  these  values  in  equation  (2),  we  obtain — 


200  X  200      ft^  ft  -    ^ 

y^-2ir3oo-'=^^^^"^^ 


8 
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The  centre  of  the  train  must,  therefore,  be  66*6  feet  to  the  left 
of  the  centre  of  the  girder,  or  83*3  feet  to  the  right  of  the  left 
abatment.  There  will  be,  therefore,  only  183*3  feet  of  the  train 
resting  on  the  bridge,  when  the  maximum  bending  moments 
occur  at  the  sections  indicated. 

103.  Beam  Supported  at  both  Ends,  and  exposed  to  a  Single 
Concentrated  Boiling  Load. — A.  single  concentrated  rolling  load 
W  passes  over  a  beam  of  span  I. 

The  maximum  bending  moment  at  any  section  of  the  beam, 
whose  distance  from  the  left  abatment  =  Xy  occurs  when  the 
load  rests  on  this  section. 

M,  =  Pa:  =  Q(;-  «)=:W.^^       .     (6). 

M,  will  be  a  maximum  when  a;  (^  —  a;)  is  a  maximum ;  that  is, 

when  X  =  I  ~  Xy  or  X  =  -^t  which  is  at  the  centre  of  the  beam. 

The  locus  of  the  maximum  bending  moments  is  a  parabola, 
the  apex  of  which  is  above  the  centre  of  the  span,  and  the  central 

ordinate  =  -j-,  which  value  is  obtained  by  substituting  a;  =  ^  in 

equation  (5). 

Example  3. — A  single  load  of  10  tons  rolls  over  a  girder  60 
feet  span.  Determine  the  maximum  bending  moments  at 
intervals  of  10  feet. 

^  =  50;      a;  =  10,  20,  30,  40 ;      W  =  10. 

^         10  X  10  X  40      Q^  -    .  ^ 
Mio  = c?j =  80  foot-tons, 

MgQ  = j;^ =  120  foot-tons, 

^         10  X  30  X  20       ,  on  IT    4.4- 
Mjo  « kq =  120  foot- tons, 

^        10  X  40  X  10       o/x  i.    X  X 
M|o  = ^x r—  =  80  foot-tons. 

^  10  X  50       -_  .    ^^ 

•M-em.  *=  7 =125  lOOt-tOUS. 

104.  Beam  Supported  at  both  Ends  and  exposed  to  a  Boiling 
Load  consisting  of  two  Concentrated  and  Equal  WeightSi  at  a 


Digitized  by 


Google 


VRAM  flUPPOKHBO  AT  BOVH   XND& 


115 


fixed  hitenral  apart.— In  fig.  58  the  two  equal  loads,  W,  W,  at  a 
fixed  distance,  a,  apart 
— ^reaemblmg  the  wheels  «p 
of  a  truck — pass  over 
the  beam  A  B.  The 
problem  we  give  our- 
selves to  investigate  is 
— ^What  must  be  the 
position  of  the  loads  on 
the  beam  in  order  to 
produce  the  maximum 
bending  moment  on  a 
section  b  6,  situated  at  a 
distance,  x^  from  the  left 
support  ? 

i^t  consider  the  case 
when  the  left  weight  reists  on  b. 

P  =  y(2;-2a;-a). 
Q=  y(2x  +  a). 


Rg.58. 


M.  =  Pa?  ^  — ^(2Z-  2x  -a) 


(6). 


If  the  load  travel  to  the  right,  P  diminishes,  and  consequently 
the  bending  moment  at  6  6 ;  so  that  when  one  weight  rests  on  b, 
the  bending  moment  at  that  point  is  greater  i^\ifn  for  any  posi- 
tion of  this  weight  to  the  right  of  b. 

Next  consider  the  weights  to  be  moved  to  the  left  so  that  the 
left  weight  is  at  a  distance  x^  from  b. 

In  this  case  we  have 

P  =  ~{2^  -  {2x  -^  2x,)^a}. 

W 

Q  =  -^(2«-.  2aH+a). 

M;  =  Paj- Wajj. 

Wis 
=  -J-  {21  -  2x  +  2x,  -  o}  -  "W«». 

=  M,-Wa%(l-?-^'")         .        .        (7). 
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From  this  equation  it  will  be  seen  that  M^  y>  M'  if  the  expression 
Wajjfl  — 7~)^  positive,  and  this  is  the  case  so  long  as  1  >  ^, 

that  is,  for  all  values  of  x  which  are  less  than  ^ ;    when  a;  =  ~, 

From  this  investigation  it  will  be  apparent  that^  in  a  beam  ex- 
posed to  a  rolling  load  consisting  of  two  equal  weights  placed  at  a 
fixed  distance  apart,  the  maximum  bending  moment  on  any 
section  of  the  left  half  of  the  beam  occurs  when  the  left  weight 
rests  on  this  section ;  and  the  maximum  moment  on  any  section 
of  the  right  portion  occurs  when  the  right  weight  rests  on  the 
section.  Also,  the  maximum  bending  moment  at  the  centre  of 
the  beam  occurs  when  either  weight  rests  on  the  centre,  or  when 
one  weight  rests  at  one  side  of  the  centre  and  the  second  weight 
on  the  other  side.     The  general  equation  to  the  maxima  bending 

moments  of  the  left  half  of  the  span  is  M,  =  — j —  (l  -  x  -  -« )  • 

The  locus  of  these  moments  is  a  parabola  with  its  axis  vertical. 
To  find  the  apex  of  this  parabola  we  must  determine  at  what 
point  of  the  left  half  of  the  span  the  maximum  of  these  maxima 
bending  moments  occurs.   In  other  words,  what  value  of  x  will 

make  M,  a  maximum  ?    This  will  occur  when  x(l  -  x  -  -^j  ia 

greatest,  and,  as  the  sum  of  these  two  factors  is  constant,  the 
expression  will  be  a  maximum  when  both  factors  are  equal  to 

each  other,  or  a:  =  ^  -  ^^     -^  similar  result  will  be  obtained  for 

the  right  hand  half  of  the  span.  We  have,  therefore,  the  follow- 
ing general  rule : — 

When  two  eqtud  concentrated  loads,  separated  by  a  constant 
distance,  a,  roU  over  a  beam,  there  vAU  be  two  points  in  the  beam 
where  the  bending  moments  will  be  a  maximum ;  these  points  are 
situated  at  each  side  of  the  centre  of  the  span,  and  at  distances  from 
it  equal  to  onefouaih  of  the  distcmce  between  the  two  weights. 

In  order  to  determine  the  value  of  these  moments  we  must 

substitute  for  x  its  value  («  —  "i)  ^  ^'^  general  equation  (6), 
and  we  obtain — 

M«^  =  |^(2^-a)«     .        ,        .    (8). 
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To  find  the  bending  moment  at  the  centre  of  the  beam,  sub- 
stitute ^  for  a;  in  equation  (6),  when  we  get 

M^^^{l-a)        .        .        .    (9). 

105.  Diagram. — ^When  a  =  s,  or  a  <  ^,  the  diagram  of  moments 

may  be  constructed  thus: — Draw  the  horizontal  line,  AjB,, 
(fig.  58)  to  anj  BcalOi  equal  in  length  to  the  beam.     From  its 

centre,  O,  lay  offOC  =  OD  =  ^;  the  maximum  bending  moments 

will  occur  at  0  and  D,  and  may  be  found  by  means  of  equa- 
tion (8).  Draw  the  verticals  C  Cj,  D  D„  equal  to  these  moments 
on  a  scale  of  bending  moments,  and  construct  the  parabolic  curves 
Aj  Cj  E  and  Bj  D,  F,  intersecting  at  the  point  Oj ;  then  Ai  C,  Oi  D^ 
£j  will  represent  the  diagram  of  maximum  bending  moments  for 
the  beam  during  the  passage  of  the  load.  The  maximum 
moment  at  any  point,  such  as  G,  is  at  once  found  by  measuring 
the  ordinate  G  Gi  at  this  point. 

Example  4. — Two  wheels  of  a  loaded  truck  pass  over  a  beam 
30  feet  span.  If  the  load  on  each  wheel  be  5  tons,  determine 
the  maximum  bending  moment  on  the  beam,  and  also  the  bend- 
ing moment  at  its  centre,  the  wheels  being  10  feet  apart — 

W-5, /=30,  a=10. 

I 
As  a  is  less  than  ^,  the  maximum  moments  occur  at  the  two 

points  of  the  beam  situated  at  a  distance  of  2*5  feet  at  each  side 
of  the  centre.     Their  values  are  found  from  equation  (8),  viz. : — 

M^  =  ^ (2« -a)«=gA_  (2  X  30 -  10)2=5208  foot^tons. 

The  maximum  moment  at  the  centre  of  the  beam  is  found 
from  equation  (9),  viz. : — 

M«^  =  y  (/-a)=|- (30  -  10)=50  foot-tons. 

Example  5. — In  the  last  example,   determine    the  greatest 
bending  moment  at  a  section  8  feet  from  the  left  abutment. 
The  greatest  bending  moment  at  this  section  will  occur  when 
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the  left  wheel  rests  upon  it,  and  its  value  is  found  from  the 
general  equation — 

M,= — J —  U-aj-^J,  wherea;  =  8. 

Substituting  this  and  reducing,  we  find 

M,= 45-3  foot-tons. 

106.  Beam  supported  at  Both  Ends  and  Loaded  with  two  Con- 
centrated and  Unequal  Weights  at  a  fixed  interval  apart,  and 
moving  over  the  Beam. — ^If  A  B  represent  the  beam,  W^  and  W, 
the  two  weights,  and  a  =  distance  between  them,  then  by 
adopting  the  same  process  of  reasoning  as  that  given  in  the  last 
case,  it  may  be  shown  that  when  both  weights  are  on  the  beam 
the  bending  moment  at  any  section  of  the  beam  is  greatest  when 
Wi  is  over  it,  provided  that  the  section  is  situated  between 

A  and  F,  where  A  F=»=-A==-. 

"W  I 
When  BF=.^= — ^^r=^,  the  maximum  bending  moment  at  any 

section  between  F  and  B  will  occur  when  the  weight  W,  rests 
upon  it. 

1st.  Suppose  the  section  to  lie  between  A  and  F ;  let  a;  =  ijts 
distance  from  A ;  then  when  W|  rests  upon  it, 

P.w,^+w.^i:^=.(w,+w.)(^)-^ 

M.=  f{(W»  +  W.)(/-a:)-W,a}.  .        .        .     (10). 

2nd.  Suppose  the  section  to  lie  between  F  and  B  ]  let  x^  =  its 
distance  from  A.  The  maximum  bending  moment  wiU  occur  at 
this  section  when  Wg  rests  upon  it ;  in  which  case 

M.=^(W,  +  W.)(i-aH)-^(?-«i).        .    (11). 

The  loci  of  the  bending  moments,  as  represented  by  the  two 
equations  (10)  and  (11),  are  two  parabolas,  the  axes  of  which  are 
vertical  and  intersect  the  beam  at  two  points,  one  at  each  side  of 
the  centre.  At  these  points  the  moments  are  greatest  for  each 
lialf  ofthe  beam. 
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The  section  where  the  greatest  bending  moment  occurs  in  the 
left  half  of  the  beam  is  situated  at  a  distance  to  the  left  of  the 

centre  =  2  (WT^TW.y 

The  section  in  the  right  hal^  where  the  bending  moment  is  a 

■ytr    _ 

maximum,  is  at  a  distance  from  the  centre  »  ^  ,„>   ^ — ^^7-7 

2  (Wj  +  W,) 

The  distances  x  and  x^^  of  these  points  from  A  are — 

*  ^  2  "  2(W,  +  W,)      •        •        •        ^^^^• 

^^^*2  "*-2(W,  +  W,)      •        •        •        <^^)- 

The  values  of  these  maximum  bending  moments  may  be  found 
from  equations  (10)  and  (11)  by  substituting  for  x  and  Xj^  the 
values  given  in  equations  (12)  and  (13). 

An  expression  for  the  maximum  bending  at  the  centre  of  the 

beam  may  be  found  by  putting  x  ^  -^  m  equations  (10)  and  (11). 
We  then  get — 

M.^-(W,+ W.)i.-^.        .        (14), 

or  M«,=  (W,  +  W.)-j-  ^  .        .        (15). 

according  as  Wi  or  W,  rests  on  the  centre. 

In  the  foregoing  investigation  the  results  arrived  at  are  on  the 
assumption  that  both  weights  rest  on  the  span.  If  W^^  W|, 
the  maximum  moment  near  the  end,  A,  of  the  beam  will  occur 
when  Ws  only  is  on  the  beam,  the  other  weight  resting  on  the 
abutment. 

Example  6. — A  travelling  load,  concentrated  on  two  wheels 
10  feet  apart  passes  over  a  beam  of  40  feet  span.  If  2  tons  rest 
on  the  left  wheel  and  8  tons  on  the  right,  find  the  maximum 
bending  moment  at  the  centre  of  the  beam,  and  also  determine 
the  section  on  the  beam  which  has  the  greatest  maximum 
moment,  and  find  its  amount. 

Wx  =  2,  W,  =  8,  ;  =  40,  a  =  10. 

The  bending  moment  at  the  centre  will  be  a  maximum  when 
the  weight  of  8  tons  rests  on  it. 
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From  equation  (15)  we  get — 

Me«,.  =  (2  +  8)  X  ^  -  ^Jli^  =  90  foot-tons. 

The  maximum  moment  on  the  whole  beam  occurs  at  a  section 
whose  distance  frcxn  the  left  abutment  is  found  from  equation  (13)» 
40  2  X  10 
^"T  ■*■  2(2  +  8)~  ^^' 
The  section  is,  therefore,  21  feet  from  the  left  bearing,  and  the 
amount  of  the  bending  moment  is  found  from  equation  (11)  b/ 
putting  x^  =  21.     Thus — 


21 
M,i  =  1^  X  10  X  19  - 


2  X  10  X  19 
40 


90-25  foot-tons. 


The  maximum  bending  moments  at  every  4  feet  of  the  beam, 
reckoning -from  the  left  abutment,  are — 

M«  =  0,  M4  =  28-8,  Mg  =  51-2,  M„  =  70,  M„  =  84,  M«o  =  90, 
Ma4  =  88,  Ma  =  78,  M^  =  60,  M„  =  34,  M^  =  0. 
The  values,  M4  and  Mg,  are  those  produced  when  only  one 
weight — viz.,  8  tons — rests  on  the  beam,  the  weight  of  2  tons 
resting  on  the  left  abutment. 

107.  Graphic  Method  of  Finding  the  Position  of  the  Rolling 
Load  so  as  to  produce  the  Maximum  Bending  Moment  at  any 
Section. — A  convenient  method  of  finding  by  graphic  construc- 
tion what  must  be  the  position  of  the  rolling  load  on  the 
beam,  in  order  that  the  bending  moment  at  any  section  may  be 

a  maximum,  is  the  fol- 
lowing, which  may  be 
made  to  apply  to  any 
number  of  weights. 

Let  A  B  (fig.  59)  re- 
present  a  beam  over 
which  passes  a  rolling 
load  consisting,  say,  ot' 
four  weights,  W„W2,Wa, 
W4.  We  wish  to  deter- 
mine the  position  of 
these  loads  on  the  beam 
so  as  to  produce  the 
maximum  bending  at 
any  section,  say  at  F. 


Fig.  59. 


Draw  a  vertical  line  through  A  and  on  it  set  off 
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Join  0^4  R  Through  F  draw  F  Fi  parallel  to  x^  B,  meeting  the 
Tertical  line  through  A  at  the  point  Fi.  The  maximum  moment 
at  F  will  occur  when  the  weight,  represented  by  the  division  in 
which  Fi  is  situated,  rests  on  F.  In  the  figure  Fi  lies  in  Xi  x,, 
which  represents  the  weight  W,.  The  maximum  bending  at  F 
will,  therefore^  occur  when  the  weight  W,  rests  upon  it. 


CHAPTER  VIII. 


SHEARING  FORCES  ON  BEAMS. 


Fixed  Loads. 


108.  Definition. — The  shearing  force  at  any  transverse  section  of  a 
beam  is  eqwd  to  the  algebraic  sum  of  all  the  external  forces  acting 
upon  eiiher  segment  of  the  beam  into  which  the  section  divides  it. 

We  will  illustrate  this  definition  by  a  few  simple  examples. 
Suppose  A  B  (fig.  60)  to  be  a  beam  loaded  with  a  single  weight 
W  placed  at  a  distance  a  from  A,  then  the  proportion  of  W 
transmitted  to  the  left  abutment  will  be 

P  =  W,     ^"" 


/ 


l-i 


Wa 


W  .  ^—  will,  therefore,  represent  the  shearing  force  throughout 

the  segment  A  C. 

The  shearing  stress  on  the  segment  B  0 

If  W  rest  on  the  centre  of 
the  beam,  the  shearing  stress 
will  be  constant    throughout 

and  equal  to  -^, 

Next  take  the  case  of  a 
beam  loaded  with  seyeral 
weights,  as  is  shown  in  fig. 
61. 

Let  Wi,  W^  Wft  W4,  be 
the  weights  resting  on  the 
beam ;  P  and  Q  the  supporting 
forces. 

Let  the  symbol  F  be  used 
to  represent  the  shearing  force, 
80  that 


Fig.  00. 
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F^  =  shearing  force  on  the  segment  a ; 

F^  =  shearing  force  at  a  section  distant  x  from  a  fixed  points 

Q 


*5. 


Fig.  61. 


From  the  definition  given  we  have  the  following : — 

F.  =  P  or  =  Q  -  (Wx  +  W,  +  W,  +  W4), 
F»  =  P  -  Wi  or  =  Q  -  (W,  +  W,  +  W,), 
F.  =  P  -  (W,  +  W,)  or  =  Q  -  (W,  +  W,), 
F^  =  F  -  (Wi  +  W,  +  W,)  or  =  Q  -  W^, 
F,  =  P  -  (VVj  +  W,  +  W,  +  W4)  or  =  Q. 

It  will  be  noticed  that  the  shearing  force  is  constant  for  all 
sections  of  the  beam  between  two  contiguous  weights. 

For  the  sake  of  convenience,  some  of  the  shearing  forces  may 
be  considered  positive  and  some  negative. 

At  any  section  x,  F^  is  positive  when  P  is  greater  than  the 
sum  of  the  weights  to  the  left  of  x,  and  negative  when.  P  is  less 
than  the  sum  of  these  weights. 

100.  Maximam  Shearing  Force. — In  the  case  of  a  beam  sup* 
ported  at  its  extremities,  the  maximum  positive  shearing  force 
occurs  at  the  left  abatment,  and  the  maximum  negative  shearing 
force  at  the  right  abutment;  the  greater  of  these  will  be  the 
maximum  shearing  force  for  the  whole  beam. 

Graphic  Representation  of  Shearing  Forces. — In  fig.  60  draw 
the  horizontal  line  Ai  B^  equal  to  the  span  of  ike  beam,  and 
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make  Ai  Ci  =  A  C.  Draw  the  vertical  line  Ai  A2  upwards  oa  a 
scale  of  forces  =  P,  and  the  vertical  line  B^  B3  downwards  =»  Q ; 
the  rectangle  A^  A,  Cj  Ci  will  represent  the  diagram  of  shearing 
forces  for  the  segment  A  0,  and  the  rectangle  Bi  O^  C3  B,  will  be 
the  diagram  for  C  B ;  the  former^  being  positive,  is  above  the 
line  A|Bi;  and  the  latter,  being  negative,  is  below  that  line. 
The  shearing  force  on  the  segment  A  C  is  constant,  and  is 
represented  by  the  line  Ai  A3 ;  that  on  C  B  is  also  constant,  and 
is  represented  by  the  line  B^  Bo. 

The  shearing  force  diagram  of  the  beam,  shown  ixi  fig.  61,  is 
given  underneath  the  beam,  and  the  method  of  its  construction  is 
the  following : — ^As  before,  take  the  horizontal  line  A|  Bj  «  A  B. 
Draw  the  vertical  Ai  A^  upwards  and  equal  to  P.  Draw  the 
vertical  Bi  B^  downwards  and  equal  to  Q.  Draw  A9  a  horizoi^ 
tally,  meeting  the  vertical  through  W^  at  a.  Measure  off  a  a, 
==  Wj.  Draw  Oi  h  horizontally,  meeting  the  vertical  through 
Wf  in  5.  Measure  off  6  &i  =»  W,,  and  so  on  for  the  remainder  of 
the  diagram.  It  will  be  seen  that  the  shearing  force  changes 
its  sign  at  W,  j  to  the  left  of  W3  it  is  positive  and  to  the  right 
negative.     The  ordinates  of  the  diagram  represent  the  shearing 


Fig.  62. 

stresses  at  the  corresponding  sections  of  the  beam.  For  example, 
the  shearing  force  between  Wa  and  Wj  is  represented  by  c  Cg,  and 
that  between  Wg  and  W4  by  c,  c^ 

110.  Purely  Graphical  Solution. — The  solution  just  given  is  not 
a  purely  graphical  one,  as  it  involves  aLgebndc  calculations. 


Digitized  by 


Google 


124 


SHEABINO  FORCES  ON  BEAMS. 


The  following  is  a  solution  of  this  nature :— In  fig.  62  draw 
the  vertical  line  XiX^,  and  on  it  set  off  aJiaJi=Wi,  XiX^^W^; 
a^ar4=Wj,  x^x^^W^.  Choose  any  pole,  O;  join  Oa:„  Oa^  ^o. 
Take  any  point,  Aj,  in  the  vertical  line  through  A,  draw  Ai  a 
parallel  to  O  osi,  meeting  the  vertical  through  Wi  at  a ;  draw  a  b 
parallel  to  O  a^j,  and  so  on  as  already  explained.  Join  Aj  B, ; 
through  O  draw  O  Oi,  parallel  to  Ai  Bi,  then  jti  O,  =  P  and  a^gOi  =  Q. 
Through  Oi  draw  the  horizontal  line  Oj  Oj  Oj.  This  may  be 
considered  as  a  datum  line;  all  parts  of  the  diagram  above 
it  representing  positive  shearing  forces,  and  those  below 
negative  shearing  forces.  Through  Xi,  x^  <fec.,  draw  horizontal 
lines,  meeting  the  vertical  lines  from  the  external  forces  on  the 
beam,  and  construct  the  diagram  of  shearing  forces  which  is 
represented  by  the  sectioned  portion  of  the  diagram. 

The  figure  Ai  a  6  c  cf  B^  is  a  graphic  representation  of  the  bend- 
ing moments  in  the  beam. 

111.  Beam  supported  at  both  Ends,  and  Loaded  Uniformly  over 
its  Entire  Length. — In  fig.  63  the  beam  A  B,  of  span  I,  is  uni- 
formly loaded  with  w  per  foot. 

Total  load  on  the  beam  —  wl. 

The  shearing  force  at  any  section  at  a  distance  x  from  A  is 

Y^^^'WX  =  tD[j'XJ      .  .  .     (1). 

I 


F.  is  positive  when  x  is  less  than  ^, 


F,  is  negative  when  x  is 
greater  than  ■^, 

F^  is  a  moiximum  when 
a;sO  and  when  x=l. 

In  the  former  case^ 
which  is  at  the  point  A, 
the  shearing  stress  is  posi- 
tive— 

In  the  latter  case  it  is 
negative- 


Fig.  68. 


Fb=  - 


wl 
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'Fg  becomes  a  minimum  when  a;  =  ^,  or  at  the  centre  of  the 
beam,  in  which  case  F^^  =  0. 

1/0  I 

Diagram. — Draw  A^  A2  upwards  =  -^y  and  B^  Bs  downwards 

to  I     .  . 
(= -^;  join  A,  Bj,  the  sectioned  figure  represents  the  diagram 

of  shearing  forces ;  the  vertical  distances  between  A^  B^  and 
A2  Bj  will  give  the  shearing  forces  at  the  corresponding  points 
of  the  span. 

Example  1. — ^A  beam,  20  feet  span,  supports  a  load  of  10  tons 
at  a  point  2  feet  to  the  left  of  the  centre.  What  are  the  shearing 
forces  on  the  beam  1 

Fotos  =  P  =  6  tons, 
F8to»=  -Q=   -  4  tons. 

The  shearing  forces  change  from  positive  to  negative  at  the 
point  of  application  of  the  lo€ul. 

Example  2.^In  the  example  No.  4  given  in  Chap.  YI.  deter- 
mine the  shearing  forces  in  the  beam. 

P  =  17-4  tons,      Q  =  14-6  tons. 

Fotoi2  =  P  =  17-4  tons, 

FjjtoJH  =  P  -  7  =  10-4  tons, 

F^toM  =  P  -  (7  +  12)  =  -  1-6  tons, 

Pa8te«  =  P  -  (7  +  12  +  10)  =  -  11-6  tons, 

F«to6o  =  P  -  (7  +  12  +  10  +  3)  =  -  14-6  tons. 

From  this  it  will  be  observed  that  the  maximum  shearing 
forces  occur  between  the  left  bearing  and  the  first  load,  and  also 
that  the  sign  of  the  forces  changes  at  24  feet  from  the  left 
support. 

112.  Beam  Supported  at  both  Ends  and  Unifonnly  Loaded  over 
a  Portion  of  the  Span. 

Let  a  =  length  of  load, 

w  »  intensity  of  load  per  unit  of  length. 
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Figs.  64  and  65  represent  graphicallj  the  shearing  stresses  on 

the  beam. 
**  Q  In  fig.  64  the  load  com- 

mences at  the  left  abut- 
ment, and  in  fig.  65  it 
occupies  an  intermediate 
position  on  the  span. 

In  both  cases  there  is 
no  shearing  force  at  the 
section  of  the  beam  where 
the  bending  moment  is  a 
maximum. 

In  fig.  64  draw  the 
horizonUl  line  Ai  Bi  = 
span  of  the  beam,  and 
find  n,  the  point  where 
the  bending  moment  is  greatest,  as  explained  in  Art.  82. 
Draw  the  vertical  Ai  A,  =  P  and  B,  B,  =  Q. 
Through  n,  the  point  of  maximum  bending  moment,  and  N, 
the  extremity  of  the  load,  draw  the  verticals  n  rii  and  N  N], 
meeting  Ai  Bi  in  ni  and  N^.  Draw  B,  N,  horizontally,  meeting 
N  Ni  produced  in  N, ;  join  «i  A^  Wj  N,.  The  shaded  figure  will 
represent  the  diagram  of  shearing  stresses. 


Fig.  64. 


9i  tons 


The  diagram  in  fig.  65  is  constructed  in  a  similar  manner,  so 
that  no  description  will  be  necessary. 

Fig.  66  represents  the  diagram  when  the  load  does  not  extend 
beyond  the  centre  of  the  beium. 
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113.  Beam  Saiiported  at  both  Ends  and  Loaded  Unlfonnly  over 
two  Segments  with  Different  Intensities  of  Load. — In  fig.  67 — 
Let  a  and  {I  —  a)  repre- 
sent the  lengths  of  the 
loads,  and  w  and  Wi  the 
intensities  of  loads. 

Find  w,  the    point    of 
maximum     bending    mo- 
ment,    as    explained    in ' 
Ohap.  YL,  Art.  84. 

Draw  Ai  Aa  =  P,  and 
Bi  Ba  =  Q,  also  M,  Ms  = 
P  -  w  a ;  join  A,  Mj,  and 
Wj  Bj ;  the  shaded  portion 
will  represent  the  diagram 
of  shearing  stresses  in  the 
beam. 

114.  Cantilever  Loaded 
wil^  One  or  more  Goncen- 


Fig.  67. 


Ill  iiilJii.L 


o. 


^w 


D. 


trated  Weights. — In  a  carUU&ver  the  shearing  stress  at  any  section 
is  equal  to  the  sum  of  the  loeights  between  the  section  and  the 
free  end  of  the  cantilever. 

In  fig.  68  the  cantilever,  A  B,  is  loaded  with  weights  Wj,  W,, 
and  W,  resting  at  the  points 
C,  D,  and  B.  j  &^)  ^  ^ 

The   shearing  stress  on   all       P ^^  ^^  ^^ 

sections  between  \ 

A  and  C  =  Wi  +  W,  +  W,.       f'NW 

0  and  D  =  W,  +  Wj. 

D  and  B  =  Wj. 

Diagram, — The  shearing  force 
diagram    may    be    constructed  pig.  q^ 

thus: — 

Draw  the  horizontal  line  Ai  Bj  =  A  B ;  through  the  ex- 
tremity Ai  draw  a  vertical  line  Ai  on^ ;  set  off  on  this  line^ 
A,  ar,  =  W»  x^X2  =  Wj,  x^x^^  Wj. 

Through  x^  Xij  ar,  draw  horizontal  lines,  meeting  the  vertical 
lines  through  B,  D,  0  in  Bj,  D2,  and  Cg  respectively.  The  shaded 
figure  will  represent  the  shearing  stress  diagram  of  the  canti- 
lever. 

Example  3. — In  example  10,  Chapter  VI. — What  are  the 
shearing  stresses  on  the  different  portions  of  the  cantilever  1 
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Foto6  =8+7  +  6  +  5=  26  tons, 
Fetoio  =  7  +  6  +  5  =  18  tons 
^10 to  16=  6  +  5  «  11  tons, 
^i6to»=  ^  tons. 

115.  Cantilever  Uniformly  Loaded  over  its  entire  Length.^  In 
tg,  69— 

Let  I  =  length  of  cantilever,  A  B, 

to  =  load  per  unit  of  length. 

The  maximum  shearing  stress  occurs 
at  A,  and  is 

At  any  section  at  a  distance,  x, 
from  A — 

Y,  =  w(l  -  x)    .        .        (2). 

At  the  free  end  of  the  cantilever, 
X  =  If  and  at  this  point  the  shearing 
stress  is  zero. 

Diagram. — Make  Ai  A,  =  to  I;  join  Aa  Bi ;  Aj  A, Bi  will  be 
the  diagram  of  shearing  stresses. 

Example  4. — A  cantilever,  25  feet  long,  is  uniformly  loaded 
with  ^  ton  per  foot.  What  is  the  maximum  shearing  stress  on 
the  beam)  Find  also  the  shearing  stresses  at  the  sections  at 
<iistance8  of  10  feet  and  20  feet  from  the  fixed  end. 


Fig.  69. 


Z=  25,  «?  =  ^,  a? 

From  equation  (2) — 

,=  fol  SB  12-5  tons, 


0,  10,  and  20. 


1 


w{l^x)^  ^(25  -  10)  =  7-5 tons, 


F« 


-^  (25  -  20)  =  2-5  tons. 


116.  Cantilever  Loaded  with  a  Uniform  Weight,  and  also  with 
Concentrated  Weights  at  Fixed  Intervals.— Th^  shearing  stress  at 
any  section  of  a  cantilever  loaded  with  both  a  uniformly  distri- 
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buted,  and  a  concentrated  load  is  equal  to  the  sum  of  the  shearing 
stresses  of  each  load  considered  separately. 

The  diagram  of  shearing  stresses  is  constructed  by  superposing 
the  diagram  in  fig.  68  on  that  in  fig.  69. 

Hxample  5. — A  semi-girder,  30  feet  long,  supports  three  wheels 
of  a  locomotive  whose  distances  from  the  fixed  end  are  8, 15*5, 
and  23  feet.  If  tlio  weights  on  these  wheels  be  4,  7,  and  3  tons 
respectively,  find  the  shearing  stresses  at  these  points  of  applica- 

tion ;  the  uniform  dead  load  of  the  girder  being  -j  ton  per  foot. 

to=|,        /=30,        Wi  =  4,        W2  =  7,        W3  =  3. 

3 

Fg=w(Z-aj)  +  Wi  +  W,  +  W,=  -  (30-8)  +  4  +  7  +  3  =  30-5tons, 

^155  =  -1(30  -  16-5)  +  7  +  3  =  20-875  tons, 
Fa    =  -|  (30  -  23)  +  3  =  8-25  tons, 

r««.='  T  X  30  +  4  +  7  +  3  =  36-5  tons. 

Example  6. — In  example  8  (Chap.  YI.),  find  the  shearing 
stresses  at  the  two  ends  of  the  load,  and  determine,  both  analy- 
tically and  graphically,  at  what  point  on  the  beam  there  is  no 
shearing  stress. 

Fij=P=16tons, 

Fge=P-24=  -8  tons. 

The  minimum  shearing  stress  occurs  at  the  section  where  the 
bending  moment  is  a  maximum,  and  this  section,  as  has  been 
shown  in  Ohap.  YI.,  is  28  feet  from  the  left  abutment. 
This  may  be  verified  thus  : — 

Let  x=  distance  of  the  section  where  the  shearing  stress 
is  zero  from  the  left  abutment. 
We  have  then 

F.=P-(a:-12)  =  16-(aj-12)  =  0; 
or,  a:  =28  feet. 

Fig.  65,  which  is  drawn  to  scale,  gives  a  graphic  representa- 
tion of  the  shearing  stresses  on  the  beam.  The  diagram  is 
eonstnicted thus : — Draw  AiA2sl6ton8j  BiB^^S  tons.    Draw 

9 
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AjCi,  BjDi  horizontally,  meeting  the  verticals  through  the 
extremities  of  the  load  at  the  points  Ci  and  D,.  Join  Oi  Di,  The 
point  O,  where  Ci  Di  intersects  Aj  Bi,  gives  the  point  where 
there  is  no  shearing  stress.  By  scaling  we  find  Aj  O  =  28  feet. 
Its  position  may  also  be  found  geometrically  thus — ^from  similar 

0  0      CO 
triangles  =^-^  ==  TTtT'  ^^°^  which  we  find  OjO  =  16  feet,  or 

Ai  0  =  28  feet 

Shearing  Stresses  for  Moving  Loads. 

117.  Beam  supported  at  both  Ends  and  sul^ected  to  a  Goneen- 
trated  Load  moving  in  either  Direction. — When  a  concentrated 
rolling  load,  Wi,  passes  over  a  beam,  the  shearing  stress  at  any 
section  of  the  beam  varies  with  the  position  of  the  load. 

At  a  section  at  a  distance,  Xy  from  the  left  abutment,  F^^P, 
and  is  positive  so  long  as  W  is  to  the  right  of  the  section.  If  W 
be  situated  to  the  left  of  the  section  F«  =  Q  and  is  negative. 

P  increases  as  W  moves  towards  the  left  abutment^  and  be- 
comes a  maximum  when  W  rests  directly  over  the  abutment. 
The  maximum  positive  shearing  stress  on  the  beam  occurs, 
therefore,  at  the  left  abutment,  when  W  rests  at  this  pointy  in 
which  case  it  is  equal  to  W.  In  the  same  manner  it  may  be 
shown  that  the  maximum  negative  shearing  stress  occurs  at  the 
right  abutment  when  W  rests  at  this  point,  and  is  equal  to  W. 

The  maximum  positive  and  negative  shearing  stresses  for  any 
section  of  the  beam  occur  when  the  weight  rests  on  that  section, 
in  which  case  the  positive  and  negative  sheaiing  stresses  are 
P  and  Q  respectively. 

Example  7. — ^A  concentrated  load  of  15  tons  rolls  across  a 
girder  40  feet  span.  What  are  the  maximum  shearing  stresses 
at  intervals  of  10  feet  f 

Fo=F40  =  15tons, 
F,o  =  F,^=  11-26  tons, 
F2o=7-5  tons 

Example  8. — ^In  the  last  example  determine  the  maximum 
shearing  stresses  if  the  dead  weight  of  the  girder  itself  be  10  tons 
uniformly  distributed. 

Fo  =F^«15  +  5  =  20  tons, 
^10=^80=  11*25  +  2-5«13"75  tons, 
Fj0= 7-5  tons. 
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118.  Beam  supported  at  both  Ends  and  subjected  to  a  Boiling 
Load,  consisting  of  two  or  more  Concentrated  Loads. — Suppose  a. 
beam  be  acted  upon  by  a  system  of  travelling  loads,  as  is  the 
case  where  a  locomotive  passes  over  a  bridge,  and  let  the  load 
be  supposed  to  pass  from  the  right  t  o  the  left  The  shearing 
stress  at  any  section  constantly  varies  vith  the  position  of  the 
load.  The  shearing  force  at  any  section  increases  as  each  load 
in  succession  approaches  it^  and  when  the  load  passes  to  the  left 
the  shearing  force  suddenly  diminishes  by  an  amount  equal  to 
the  load.  At  each  section,  therefore,  the  positive  shearing  stress 
is  a  maximum  for  the  time,  when  each  load  is  immediately  to 
the  right  of  the  section,  and  a  minimum  when  immediately  to 
the  left.  Li  order  to  determine  these  maximum  and  minimum 
values  for  each  weight,  let  the  load  system  be  so  placed  that  this 
weight  rests  exactly  over  the  section.  Determine  the  reaction 
of  the  left  abutment  for  this  arrangement  of  load,  and  from  it 
deduct  the  weights  to  the  left  of  this  particular  weight;  the 
result  will  be  the  required  maximum,  and  for  the  minimum 
further  deduct  the  weight  itsel£ 

The  following  rule  is  generally  true  in  actual  practice : — 

When  a  system  of  loads  roll  across  a  girder ^  the  greatest  numer- 
ical value  of  the  shearing  stress  at  any  section  if  the  girder  occurr 
when  the  leading  load  {travelling  from  the  further  abutment) 
arrives  at  that  section. 

If  the  leading  load  be  small  in  comparison  with  the  others^ 
this  rule  does  not  hold. 

Example  9. — Three  wheels  of  a  locomotive  ^8  feet  centres)  pasa 
over  a  girder  40  feet  span.  The  weights  on  tne  leading,  drivings 
and  trailing  wheels  are  5,  8,  and  4  tons  respectively.  What  are 
the  maximum  shearing  stresses  on  the  girder  at  intervals  of 
5  feet,  the  locomotive  travelling  from  right  to  left  t 

The  greatest  shearing  stresses  at  the  sections,  whose  distances 
from  the  left  abutment  are  0, 5, 10, 15,  and  20  feet,  occur  when  the 
leading  wheel  (5  tons)  rests  immediately  over  the  section.  At  the 
sections  distant  25,  30,  35,  and  40  feet  from  the  left  abutment^ 
the  shearing  stresses  will  be  a  maximum  when  the  trailing  wheel 
(4  tons)  rests  on  them.  In  the  former  case  the  stresses  will  be 
positive  and  equal  to  the  reaction  of  the  left  abutment,  and  in 
the  latter  they  will  be  negative  and  equal  to  the  reaction  of  the 
right  abutment. 

Bearing  these  points  in  mind  we  get  the  following  values  far 
the  maximum  shearing  stresses  at  the. different  sections  :-^ 
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^^^5x40  +  8x^32^4x24  ^  ^3.3  ^^^ 

F.  =  5x35  +  8x^27.^4x19  ^  ^^.^^^  ^^^^ 

^^^5x30  +  8x^22  +  4x14^^.^^^^^^ 

-,         5  X  25  +  8  X  17  +  4  X  9       _  .^_  ^ 
Fii  = j^ =  7-425  tons, 

^        5x20  +  8x12  +  4x4       ^«^ 
!»  = jK =  5*3  tons, 

Tj,        4  X  25  +  8  X  17  +  5  X  9       -  ^^^  x 
Fu  ~ tq =  7-025  tons, 

^^^4x30  +  8x^22+5x14^^.^^^^^^ 

F«  «  ^x35  +  8x^27  +  5xl9  ^  ^^.^^^  ^^^^ 

^        4  x  40  +  8  X  32  +  5  X  24       _^^^ 
F«  = jg =  13-4  tons. 

/    119.    Beam   supported   at  bol^  Ends  and   subjected  to  an 

Advancing  Distributed  Load  of  Uniform  Intensity. — In  &g,  70 

suppose  an  advancing  load  of  to  per  foot  to  come  on  a  beam  from 

the  right.     The  maximum  positive  shearing  stress  on  the  section 

at  a  distance,  x,  from  the  left  abutment,  occurs  when  the  front  of 

the  load  is  at  this  section,  and  the  amount  of  this  stress  at  a;,  and 

to  (I  -  x)^ 
all  points  to  the  left  of  aj,  is,  F,  =  P  =  — ^         \     This  shearing 

stress    increases    as  x  diminishes,  and    becomes    a  maximum 
when  a?  =  0,  or  immediately  over  the  left  abutment,  where  it 

equals  -^-^ 

It  is  easy  to  see  that  the  maximum  shearing  stress  at  the 
section  indicated  must  occur  when  the  front  of  the  load  is  just  at 
it,  for  if  the  load  move  to  the  right,  the  value  of  P  will  diminish, 
and  consequently  the  shearing  stress.  I^  on  the  other  hand,  the 
load  move  to  the  left  of  the  section  the  value  of  P  is  increased 
by  a  portion  of  the  load  to  the  left  of  the  section,  but  the  shearing 
stress  is  less  than  the  new  value  of  P  by  the  whole  load  to  the 
left  of  the  section,  and  consequently  it  is  less  than  the  first 
value  of  P.  This  will  hold  true  whether  the  moving  load  is  long 
enough  to  cover  the  whole  span  or  only  a  portion  of  it. 
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In  a  similar  manner  it  may  be  shown  that  the  greatest 
negative  shearing  stress  occars  at  any  section  when  the  tail  of 
the  load  rests  over  it  and  that  the  stress  is  equal  to  Q,  the  sup- 
porting force  of  the  right  abutment  for  this  position  of  the  load. 

It  will  also  be  apparent  from  this  that  the  maximum  shearing 
stress  at  the  centre  will  occur  when  the  beam  is  loaded  over 

one-half  the  span,  and  will  be  equal  to  -q-. 

o 

120.  Diagram  of  Shearing  Forces  when  the  Length  of  the  Load 
is  equal  to,  or  greater  than  the  Span.— In  fig.  70  suppose  a  load  of 
uniform  intensity  of  u;  per  foot  to  pass 
over  the  beam  A  B  in  the  direction 
from  B  to  A.  Draw  the  horizontal 
line    Ai  Bi  =  A  B.      Draw    A|  A, 

vertically  at  A„  and  make  it  =  -^. 

Draw  the  parabolic  curve  A^  Os  Bj ; 
Bi  being  the  vertex  of  the  parabola. 
This  curve  is  the  locus  of  the  maxi- 
mum positive  shearing  stresses  at 
the  different  sections  of  the  beam. 
This  shearing  stress  is  zero  at  B, 
and  occurs  before  any  portion  of  the 
load  enters  on  the  span.  The  posi- 
tive shearing  stress  is  a  maximum 


D        E 
Tigs.  70  and  70a. 


Bi70» 


at  A  and  is  represented  by  Aj  A, 


m 


and  occurs  when  the 


span  is  fully  loaded.    The  maximum  shearing  stress  at  the  centre 
is  OiO,= — ,  and  occurs  when  the  right  half  of  the  beam  is  loaded. 

By  constructing  a  similar  parabolic  curve,  Aj  C3  Bj,  under- 
neath Ai  Bi,  we  get  a  diagram  for  the  maximum  negative  stresses 
on  the  beam,  these  stresses  being  exactly  the  same  in  value  as 
the  positive  stresses.  The  shaded  portion  of  the  figure  is  the 
diagram  for  the  maximum  numerical  shearing  stresses  on  the 
beam  during  the  passage  of  the  load. 

12L  Diagram  of  Shearing  Forces  when  the  Length  of  the  Load 
is  less  than  the  Span. — ^The  locus  of  the  maximum  shearing 
stresses  in  this  case  is  not  a  parabolic  curve,  but  is  made  up  of  a 
straight  line  and  a  parabolic  curve.     It  may  be  drawn  thus-^ 


Let  a  =  length  of  the  load, 
w  »  weight  per  lineal  footb 
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Draw  the  parabolic  curve,  A,  Di  B^,  fig.  70a,  by  making  A|  A9 

«  -5-.     Set  off  Bj  D  =  a ;  draw  the  vertical,  D  Dj,  meeting  the 

curve  in  Dp  Through  Dj  draw  D^  A3,  a  tangent  to  the  parabola 
atDj. 

A  practical  method  of  drawing  this  tangent  is  to  bisect  D  B^  at 
E,  join  £  Di,  and  produce  it.  The  locus  of  the  positive  maximum 
shearing  stresses  on  the  beam  is  a  line  composed  of  the  curve  B^  Di, 
and  the  straight  line  A3  D^. 

Example  10.-^ A  railway  train  weighing  2  tons  per  foot  passes 
over  a  bridge  200  feet  span.  What  are  the  maximum  positive 
and  negative  shearing  stresses  on  each  of  the  two  main  girders 
at  intervals  of  20  feet,  the  train  being  considered  as  a  uniformly 
distributed  load  and  longer  than  the  span,  and  the  dead  weight 
•ef  the  bridge  being  neglected  % 

I  ■=  200.     K7  =  1  ton  for  each  girder. 
Dead  load  on  each  girdej  =  200  tons. 

TABLE  XVn. 


Distance  from 
LeftAbatmoit 

POBitiTe 

Max.  Stress  from 
LiyeLoad. 

NegatlTe 

Max.  StnMB  from 

live  Load. 

Stress  from 
Dead  Load. 

Total  stress  from 
both  Loads. 

Feet. 

Tons. 

Tons. 

Tonfc 

Tons. 

0 

100 

0 

75 

175 

20 

81 

1 

60 

141 

40 

64 

4 

45 

109 

60 

49 

9 

30 

79 

80 

36 

16 

15 

51 

100 

25 

25 

0 

±  25 

120 

16 

36 

-15 

-  51 

140 

9 

49 

-30 

-  79 

160 

4 

64 

-45 

-109 

180 

1 

81 

-60 

-141 

200 

0 

100 

-75 

-175 
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The  mazimnm  positive  shearing  forces  may  be  calculated  from 

w(l  --  x)^ 
the  equation,  F,  =  —^-07 — —  =  ^t  a^d  *^o  negative  stress  from 

to  2/ 

the  equation,  F,  =  -^  .-  =  Q,  by  giving  to  x  its  proper  value. 

It  will  be  seen  that  the  maximum  numerical  value  of  the 
shearing  stress  occurs  at  each  abutment,  and  is  equal  to  100  tons, 
while  the  minimum  numerical  value  occurs  at  the  centre  of  the 
beam  and  is  equal  to  25  tons. 

Example  11. — In  the  last  example,  what  are  the  maximum 
shearing  stresses  at  the  different  sections  of  the  girder  during 
the  passage  of  the  load  if  the  dead  weight  on  the  girder,  includ- 
ing its  own  weight,  be  150  tons  equally  distributed? 

The  fourth  column  in  the  table  gives  the  shearing  stresses 
arising  from  the  dead  weight  alone,  and  the  fifth  column  gives 
the  total  maximum  shearing  arising  from  both  the  live  and  dead 
loads.  These  latter  stresses  are  obtained  by  adding  those  in 
column  4  to  the  corresponding  maximum  numerical  stresses  in 
columns  2  and  3. 


Fig.  71. 
It  will  be  seen  from  Table  XVII.  that  whether  the  live  or 
dead  loads,  or  a  combination  of  them,  be  taken,  the  shearing 
stresses  on  both  halves  of  the  girder  are  equal,  though  of  opposite 
sign. 

Fig.  71  represents  graphically  the  shearing  stresses  on  the 
girder  for  the  different  loads  drawn  to  scale. 
AB  =  span  =  200feet. 
Aa  =  a6  =  6c,  <fec.  =  20  feet. 
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Draw  the  ordinates,  A  Ai  and  B  Bi,  each  =  75  tons. 

Join  Aj  Bj ;  the  two  triangles,  A  Aj  C,  B  Bj  C,  will  conse- 
quently represent  the  diagram  of  shearing  stresses  on  the  girder 
fer  the  dead  weight  alone. 

Next,  draw  the  ordinates,  A  A,,  B  Bj,  each  equal  to  100  tons. 
Construct  the  parabolic  curves,  As  Ci  B,  B,  0,  A.  The  spaces 
included  between  these  curves  and  A  B  will  give  the  diagrams 
for  the  maximum  positive  and  maximum  negative  shearing 
stresses  respectively,  arising  from  the  travelling  load. 

Next^  by  setting  off  on  the  ordinates  through  A,  a,  5,  c,  &c.y 
As  A,  =  A  Aj,  O]  Og  =  a  ai,  6s&3  =  6  5i,  <&c.,  we  get  the  line  A,  a, .  .  .  C^ 
which  is  the  locus  of  the  maximum  positive  shearing  stresses 
for  both  loads  taken  together. 

In  the  same  way  we  can  construct  Bg  A3  ^3  .  .  .  C^,  which  is 
the  locus  for  the  maximum  negative  shearing  stresses. 


CHAPTER   IX. 

CENTBB  OF  GRAVITT  AND  MOMENT  OF   INERTIA  OF 
PLANE  SURFACES. 

It  will  be  seen  in  Chapter  X.  that^  in  order  to  determine  the 
transverse  strengths  of  beams  of  solid  section,  it  will  be  necessary 
in  the  first  instance  to  know  the  moments  of  inertia  of  the 
sections  of  such  beams  with  respect  to  axes  passing  through 
their  centres  of  gravity.  It  is  advisable,  therefore,  that  the 
student  be  able  to  determine  the  centres  of  gravity  and  moments 
of  inertia  of  the  sections  of  such  beams  as  are  usually  to  be 
met  with. 

In  ordinary  language  the  terms  "centre  of  gravity"  and 
"moment  of  inertia"  have  reference  to  the  weight  or  mass  of 
solid  bodies,  and  belong  to  the  domain  of  rigid  dynamics.  As 
used  in  this  sense  they  do  not  concern  us  here;  it  is  only  in 
their  application  to  plane  surfaces  that  we  wish  to  consider  them. 

122.  Centre  of  Gravity. — 7%6  centre  of  gravity  0/ a  plane  simple 
surface  is  its  geometrical  centre.  That  of  a  circular  surface,  for 
example,  is  the  centre  of  the  circle  bounding  the  sur&ce,  while 
that  of  a  parallelogram  is  the  point  where  its  diagonals  intersect 
each  other. 
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The  centre  of  gravity  of  a  triangle  is  found  by  joining  the 
middle  points  of  any  two  sides  with  the  opposite  vertices ;  the 
point  where  the  two  lines  thus  drawn  intersect  each  other  gives 
the  required  centre. 

The  centre  of  gravity  of  the  segment  A  C  B  of  a  circle  whose 

centre  is  O  is  at  the  point  O,  where  O  O,  =-=^ — ~ , 

^  *  ^     12  X  area  of  segment 

The  line  O  O^  being  drawn  to  bisect  the  chord  A  B. 

In  the  case  of  a  semi-circle  the  line 
O  a  = -4244  X  radius. 

The  centre  of  gravity  of  any  four- 
sided  figure  may  be  found  thus — 

In  fig.  72  draw  the  diagonals  A  C 
and  BD  of  the  figure  ABCD,  intei> 
secting  each  other  at  E ;  set  off  A  F  =  E  C; 
join  F  D  and  F  B.  Find  O  the  centre 
of  gravity  of  the  triangle  B  F  D  as  ex- 
plained. This  point  will  be  the  centre 
of  gravity  of  the  whole  figure. 

123.  Centre  of  Gravity  of  Section  of  Flanged  Girder.  — The 
following  is  an  important  case  : — Fig.  73  represents  the  section 
of  a  cast-iron  beam  which  is  symmetrical  with  reference  to  tho 
vertical  axis  yy.  The  section  is  com- 
posed of  three  rectangles — viz.,  ABCD 
and  EFGH,  which  are  the  sections 
of  the  top  and  bottom  flanges  respec- 
tively, and  the  rectangle  which  connects 
them  together,  which  is  the  section  of 
the  web. 

The  centre  of  gravity,  O,  of  the 
whole  section  will  lie  in  the  line  yy, 
and  it  will  only  be  necessary  to  deter- 
mine its  distance  along  this  line  from 
some  fixed  point.  Fig.  73. 


Fig.  72. 


Let  a^  =  area  of  top  flange  ABCD, 
a^  «=  area  of  bottom  flange  E  F  G  H, 
o^ = area  of  portion  of  web  above  X  X, 
a^s  area  of  portion  of  web  below  X  X, 
«i «  distance  of  0  from  centre  of  gravity  of  top  flange. 
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Let  072 « distance  of  O  from  centre  of  gravity  of  bottom 
flange, 

a?3  =  distance  of  O  from  centre  of  gravity  of  top  por- 
tion of  web, 

3;^= distance  of  O  from  centre  of  gravity  of  bottom 
portion  of  web. 

From  the  principles  of  the  centre  of  gravity,  we  get 

As  a^f  a^  Og,  a^  are  known,  and  as  x^,  x^  x^  are  known  in  terms 
of  ccj,  from  this  equation  we  can  determine  the  value  of  osj,  which 
gives  us  the  position  of  the  centre  of  gravity,  O,  from  a  known 
point. 

Example  1. — Find  the  position  of  the  centre  of  gravity  of  the 
cross-section  of  a  cast-iron  girder  of  the  following  dimensions — 

Let  0;= distance  of  the  centre  of  gravity  O  from  the  bottom  edge 
of  the  section. 

Total  depth  of  girder  =  14  inches. 

Area  of  top  flange  =  4  x  2  =  8  sq.  in. 
Area  of  bottom  flange  =  6  x  4  =  24    „ 
Area  of  top  portion  of  web  =  2  (12  -  oj). 
Area  of  bottom  portion  of  web  =  2  (a;  -  4). 

Pistance  of  O  from  centre  of  gravity  of — 

Top  flange  =  13-0?, 
Bottom  flange  =  a;  -  2. 

Top  portion  of  web  =  — ^ — ^• 

»-4 
Bottom  portion  of  web  =  — s— • 

We  get  from  equation  (1) — 

«(13-a:)  +  2(12-a;)xl?^  =  24(a;-2)  +  2(aj-4)x^^ 

Or  a; =5*83  inches. 
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1%L  Centre  of  QmAtj  of  T-SeottoiL— la  fig.  74-«* 

Let  6  =  width  of  flange  of  tee. 

(2  >=  total  depth.  • 

d^  =  depth  of  web. 

hi  ^  thickness  of  web. 

OS  =  distance  of   centre  of  gravity  of  the 
sections  from  the  top  edge. 

By  working  on  the  same  principle  as  that 
employed  in  the  case  of  the  flanged  girder,  it 
may  be  shown  that — 


.^ 


I 


Kg.  74 


u 


«=i{«^- 


(3). 


EoDompU  2. — ^What  is  the  distance  of  the  centre  of  gravity  of 
a  tee  section  6^x3"  x  ^'  from  the  end  of  the  tongue  9 

6  =  6,  cf=3,  fl?i  =  2-5,  6i  =  -5. 
From  equation  (2)  we  get — 

2-5     -Sx  6  +  -5x3       „^  ,    _ 
^"X^  6x5  4- -5x25^^'^  *^"^^«- 

125.  Practical  Method  of  Finding  the  Centre  of  (htvity  of  a 
Surface. — ^In  the  case  of  figures  of  irregular  form  whose  centres 
of  gravity  cannot  be  conveniently  determined  by  any  of  the 
meUiods  already  referred  to,  the  following  practical  method  will 
fix  the  centre  of  gravity  sufficiently  near  for  practical  purposes : — 

Cut  a  model  of  the  section  out  of  a  piece  of  cardboard  or  thin 
metal  of  uniform  thickness,  and  suspend  the  model  from  two 
different  points,  as  shown  in  fig.  75,  allowing  a  plumb-bob  to 
hang  from  the  point  of 
suspension  in  each  case. 
The  plumb-line  will  pass 
through  the  centre  of 
gravity  in  each  position, 
and  by  tracing  the  lines 
on  the  model  their  point 
of  intersection  O  will  give 
the  centre  of  gravity  of 
the  figure. 

Even  in  cases  where  the 
centre  of  gravity  may  be 
found  by  calculation,  this  practical  method  may  be  adopted  with 


Fig.  75. 
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advantage  where  great  exactness  is  not  required,  as  it  often 
saves  an  amount  of  laborious  calculation. 

Moment  of  Inertia. 

126.  Definition. — If  a  plane  surface  be  coruidered  to  be  eompoaed 
of  a  number  of  infirdteeimaUy  thin  lamina^  and  if  the  area  of  each 
lamina  be  multiplied  by  tfie  square  of  its  perpendicidaT  distance  from 
a  given  line  or  aons,  the  sums  of  all  these  products  is  called  the 
geometrical  moment  of  inertia  of  the  surface  vnih  respect  to  that 
axis. 

The  symbol  I  is  used  to  express  the  moment  of  inertia  by 
most  writers  on  the  subject^  and  we  shall  adopt  the  usual  nota- 
tion in  the  following  pages. 

127.  Moment  of  Inertia  of  a  Bectangle.— A  BCD  (fig.  76)  is 

a  rectaDgle ;  it  is  required  to 
find  its  moment  of  inertia  with 
respect  to  the  axis  XX  which 
passes  through  its  centre  of 
gravity,  O,  and  is  parallel  to  the 
sides  A  B  and  D  C. 

LetAB  =  6,  AD»d 

I  s  required     moment 
Fig.  76.  of  inertia. 

The  rectangle  may  be  con- 
sidered to  be  made  up  of  a  number  of  elemental  areas  or  lamin» 
parallel  to  X  X. 

Let  t  =  thickness  of  one  of  these  elemental  areas, 
^  =  its  distance  from  X  X. 

Then,  its  area  =  6  <,  and  its  moment  of  inertia,  with  respect  to 
X  X,  from  our  definition  =  bty'. 

The  moment  of  inertia  of  the  rectangle  =  sum  of  these,  or 
I  =  26<y2. 

The  expression  :2  b  t  y^  is  the  sum  of  an  infinite  series  and 

bd^ 
its  value,  taking  y  between  its  proper  limits  is  -ys--* 

*  Thii  Bominatioii  is  moat  conveniently  effected  by  means  of  the  integral 


A 

* h—^ 

fiL-. 

I 

6 

> 

calculns,  thus :— I  =  2r6y'dy=  -j^. 
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We  have,  therefore,  for  the  rectangle 

I  =  -^2"   .        .        .        •        (3). 

If  b  and  d  be  both  expressed  in  inches,  I  will  be  expressed  in 

inch-units. 

If  b^d  we  get —  _      d^  ... 

1  =  j2      •        .        .        .        (*;. 

which  is  the  expression  for  the  moment  of  inertia  of  a  square 
whose  side  =  dy  and  with  respect  to  an  axis  passing  through  its 
centre  of  gravity  and  parallel  to  a  side. 

If  in  the  rectangle  the  axis  is  parallel  to  the  side  (2,  the  expres- 
sion for  the  moment  of  inertia  becomes 

J  dl^ 
^"  12' 
12a  Moment  of  Inertia  of  Complex  Figures.— It  will  frequently 
be  necessary  to  determine  the  moments  of  inertia  of  beams  of 
complex  sections,  made  up  of  two  or  more  simple  sections.  This 
can  readily  be  done  when  the  moments  of  inertia  of  the  simple 
sections  are  known,  by  employing  the  following  important 
theorem : — 

The  momeni  of  inertia  of  an  area  with  respect  to  cmy  axis  is 
equal  to  the  momenJt  of  inertia  of  the  a/rea  about  a  parallel  aocis 
passing  through  its  centre  of  gravity  plus  the  product  of  the  area 
into  the  square  of  the  distance  between  the  tvx>  cooes. 
To  express  this  theorem  by  symbols, 

Let  I   —  moment  of  inertia  of  a  surface  about  an  axis  i>ass- 
ing  through  its  centre  of  gravity ; 
Ii  s  moment  of  ineti^ia  of  the  same  surface  about  a 
parallel  axis  situated  at  a  perpendicular  dis- 
tance, A,  from  the  former ; 
A  =  area  of  the  sur&ce. 

Then  I,  =  I  +  AA2        .        .        .        (5). 

By  means  of  this  relationship  the  moment  of  inertia  (Ii)  of 
the  rectangle  shown  in  fig.  76  with  respect  to  an  axis  passing 
through  the  sides  A  B  or  D  0,  may  be  determined  thus — 

T       bd^      ,      d 
^    =  "12  •     ^  "  2' 
we  get  then  from  equation  (5) — 

T       bd^      ,.     d^      bd^ 
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If  the  axis  passes  through  the  sides  A  D  or  B  C^ 

From  this  it  will  be  apparent  that  the  moment  of  inertia  of  a 
rectangle,  with  respect  to  an  axis  passing  through  a  side,  is  four 
times  that  of  the  moment  of  inertia  of  the  same  rectangle  with 
respect  to  a  parallel  axis  passing  through  its  centre  of  gravity. 

Example  3. — ^A  rectangular  beam  is  4"  wide  and  6"  deep. 
Determine  the  moment  of  inertia  of  its  cross-section, 

1st.    With  reference  to  an  axis  passing  through  its  centre 

of  gravity  and  parallel  to  the  short  side ; 
2nd.  With  reference  to  an  axis  passing  through  its  centre 

of  gravity  and  parallel  to  the  long  side ; 
3rd.    With  reference  to  an  axis  passing  through  one  of  its 

longer  sides ; 
4th.   With  reference  to  an  axis  parallel  to  a  short  side  and 

at  a  perpendicular  distance  of  2"  from  it. 

1st.    I  =  ij|2  «  72  inch-units  i 

.  2nd.  I  =  -j^^  -  32  inch-units; 

3rd.   I  =  32  +  24  (2)2  =  128  inch-units; 

4th.   I  =  72  +  24  (1)2  =    96  inch-units. 

129.  Moment  of  Inertia  of  a  Circular  Disc. — In  fig.  77, 

Let  1}  B  moment  of  inertia  of  the  disc  with  reference  to  an 
axis  passing  through  its  centre  O  and  perpen- 
dicular to  its  plane ; 
I  B  moment  of  inertia  with  reference  to  an  axis  A  B 
passing  through  its  centre  and  lying  in  its  plane. 

The  circular  sur&oe  may  be  considered  to  be  made  up  of 
a  number  of  circular  laminsa. 

Let  t  =  thickness    of   one    of  these 
whose  distance  from  O  =  y. 

The    moment   of   inertia   of   such  a 
^^*-H^  lamina  with  reference  to  an  axis  per- 

^'  pendicular  to  the  plane  of  the  paper 

ss  2  4-^  fi  and  the  moment  of  inertia  of  the  whole  sur&ce  is 

li^  32flry»<. 
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If  B  =  radius  of  circle 


Again, 


I   -^% 


2  "     4 


(6). 


130.  Moments  of  Inertia  of  a  Circular  Ring  and  Hollow  Rectangle. 
— When  a  surface  is  obtained  by  adding  two  other  surfaces  to- 
gether, or  by  deducting  one  surface  from  another,  both  of  which 
have  a  common  centre  of  gravity,  the  value  of  the  moment  of 
inertia  of  the  original  surface  is  obtained  by  adding  or  subtracting 
the  moment  of  inertia  of  one  of  the  constituent  surfaces  to  or 
from  the  other. 

Take,  for  example,  the  case  of  a  circular  ring,  as  shown  in 
fig.  78.  If  r  and  r^  be  the  radii  of  the  outer  and  inner  circles 
respectively,  and  Ij,  Ig,  I  be  the  moments  of  inertia  of  the  large 
and  small  circular  surfaces  and  the  ring  respectively,  with  refer- 
ence to  a  diameter  as  axis,  we  have — 

T     _  ^^ 


h- 


'KTy^ 


I  =  II  -  I, 


J('^-n*) 


(7). 


In  the  same  manner  consider  the  case  of  the  hoUow  rectangle, 
shown  in  fig.  79, 


y,^ 


r 


Kg.  7a 


Fig.  79. 


where  O  is  the  common  centre  of  gravity  of  both  rectangles. 
The  moment  of  inertia  of  the  large  rectangle  with  reference  to 

the  axis  A  B  =  -y^-. 


■r 

•'0 
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That  of  the  small  rectangle  with  reference  to  the  same  axis 

"*     12  • 

The  moment  of  inertia  of  their  difference  or  the  portion  shown 
in  section 

'^{bd*-b,d>)  .        .        .        (8). 

EccampU  4. — What  is  the  moment  of  inertia  of  the  section  of 
«  circular  tube  of  which  the  external  and  internal  radii  are 
IT  and  10"  respectively? 

(1)  With  reference  to  a  diameter  of  the  section ; 

(2)  With  reference  to  the  axis  of  the  tube. 

r=12;        r^  =  10. 

(1)  From  equation  (7) — 

I««.  =  j{(12)*  -  (10)*}  =  8,432  inch-units; 

(2)  I-to  =  2  I^iton.  =  16,864  inch-units. 

Example  5. — In  the  last  example  find  the  moment  of  inertia 
of  the  tube  with  respect  to  a  tangent  to  its  outside  surface  and 
parallel  to  a  diameter. 

From  equation  (5) — 

Iron.  =  Idtom.   +  *(^  -  '•l^)    X   «•*; 

I/«.  =  8,432  +  19,905  =  28,337  inch-units. 

Example  6. — What  is  the  moment  of  inertia  of  the  cross-section 
of  a  hollow  rectangular  tube  6'^  x  4t"  outside  dimensions,  and  of 
«  uniform  thickness  of  1*5  inches,  with  reference  to  axes  passing 
through  its  centre  of  gravity  and  parallel  to  its  longer  and 
shorter  sides? 

Let  Ij  ~  moment  of  inertia  with  respect  to  axis  parallel  to 
longer  side ; 
I2  ="  moment  of  inertia  with  respect  to  axis  parallel  to 
shorter  side. 

From  equation  (8),  we  obtain — 

I^  .  6x(4)»-3x(l)s  _  3j.yjj  j^^^^^ . 

Ij  -  ^Mg)'-1M3)'  „  69-76  inch-imits. 
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13L  Moment  of  Inertia  of  Beams  of  H- Section  with  Equal 
Flanges. — Fig  80  represents  the  section  of  a  beam  where 

d  =  total  depth, 

di  =  depth  of  web, 

b  =  width  of  each  flazige, 

— iy-^  =  thickness  of  each  flange^ 
6j  =  thickness  of  web. 

The  moments  of  inertia  of  the  section  with  respect  to  axes 
X  X  and  Y  Y  passing  through  its 
centre  gravity,  are  equid  to  the  differ- 
ence of  the  moments  of  inertia  with 
respect  to  those  axes  of  the  two  rect- 
angles whose  areas  axebd  and  {b  -  b^)  d^. 


•-iv 


1 


Ixx=j^{fce/».(6-6,)d,»}      (9). 

i„=l{(f^-^(^-V)}  (10). 


a 


^-dy 


Fig.80. 


If  the  web  be  thin  in  proportion  to  the  other  dimensions,  its 
moment  of  inertia  may  be  neglected  without  introducing  much 
error;  in  such  case,  putting  b^  =  0,  we  obtain — 

Ixx-~&(<i»-rfi")-       •       .      (11). 

I„-j^6»(rf-rf^  .        .        .      (12). 

Example  7. — Find  the  moments  of  inertia  of  the  crossHsection 
of  a  12''  X  G""  rolled  girder,  with  reference  to  a  horizontal  axis 
(XX)  and  also  with  reference  to  a  vertical  axis  (YY),  both 
passing  through  its  centre  of  gravity,  the  thickness  of  the  flanges 
being  1",  and  that  of  the  web  y. 

5=6,    d«12,    6i  - -5,    c/i  =  10. 

Substituting  these  values  in  equations  (9)  and  (10),  we  get^ 

Ixx  =  i  {6  X  (12)5- (6 --5)  X  (10)'}  =  405-6  inch-units. 

It,  =  ^  [12  X  (6)»- 10  {(6)»-(-6)»}]  -  S6-2  inoh-iinita. 

10 
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Example  8. — In  the  last  example  what  are  the  moments  of 
inertia  of  the  section  if  the  web  be  neglected  9 
From  equations  (11)  and  (12)  we  get — 

Ixx  =  j^  X  6  {(12)8- (10)'}  ^  364  inch-units. 

Xy  Y  =  Y2'  X  (^Y  X  2  =  36  inch-units. 

It  will  be  observed  that  the  amount  of  error  in  the  moment  of 
inertia,  by  ^neglecting  the  web,  is  almost  nil,  when  taken  with 
respect  to  the  axis  Y  Y. 

In  calculating  the  moments  of  inertia  of  beams  of  H-section  of 
equal  flanges,  if  the  thickness  of  the  flanges  be  small  compared 
with  the  depth  of  the  beam,  the  flanges  may  be  supposed  to  be 
concentrated  on  their  centre  lines,  without  introducing  much 
error  into  the  result. 

Let  d^  =  depth  between  the  centres  of  the  flanges, 
a^  —  area  of  each  flange, 
a^  =  area  of  web. 

Then,  from  the  deflnition  of  the  moment  of  inertia,  we  get 
approximately — 

where  I  is  taken  with  reference  to  an  axis  passing  through  the 
centre  of  gravity  of  the  section  and  parallel  to  the  flanges. 
If  the  web  of  the  girder  be  thin,  and  we  neglect  its  moment  of 
inertia,  equation  (13)  becomes 

2 

Example  9. — ^Apply  equations  (13)  and  (14)  to  determine  the 
moment  of  inertia  of  the  section  of  the  beam  given  in  example  7> 
and  show  the  amount  of  error  introduced. 

dQ  =  11,     Oj  =  6,    ^2  ==  ^* 
Prom  equation  (13)  we  get — 


Jo'- 


^«i.         .         .        .     (14). 


I  -  iy^  ^6  +  g)  =  413-4  mch-unita. 


Digitized  by  CjOOQIC 


MOMENT  OF   IKBRUA  OF   BEAMS.  14'7 

As  the  correct  yaltie  of  the  moment  of  inertia  =  405 -G  inch- 
units,  the  error  «  413*4  -  405*6  «  7*8  inch-units,  or  nearly  2 
per  cent,  in  excess,  which  is  a  trivial  discrepancy. 

Keglecting  the  web  and  applying  equation  (14)  we  get— - 

I  =  iy)!  X  6  =  363  inch-units. 

The  error  in  this  case  =  405-6  —  363  =  42*6  inch -units,  or 
about  10^  per  cent  less  than  the  true  value. 

In  Chapter  X.  it  will  be  seen  that  the  transverse  strength  of 
a  beam  depends  upon  the  moment  of  inertia  of  its  section,  and 
we  may  lay  it  down  as  a  general  practical  rule  for  H-beams  with 
equal  flanges — 

Ist.  That  when  the  flanges  and  web  are  thick,  as  is  usually 
the  case  with  cast-iron  girders,  the  value  of  I  should  be  calculated 
from  equation  (9). 

2nd.  When  the  flanges  are  comparatively  thin,  as  is  the  case 
with  wrought-iron  or  steel-rolled  girders  (except  those  of  small 
section),  it  will  be  sufficiently  accurate  to  determine  I  from 
equation  (13). 

3rd.  When  both  flanges  and  web  are  thin,  as  happens  in 
wrought-iron  or  steel-built  or  rivetted  girders,  I  may  be  calculated 
from  equation  (14). 

Example  10. — Determine  the  moment  of  inertia  of  the  section 
of  a  cast-iron  girder  of  the  following  dimensions,  with  respect  to 
an  axis  passing  through  its  centre  of  gravity  and  parallel  to  th& 
flanges : — 

The  total  depth  of  girder  =  IS''. 

Area  of  top  flange  =    6"  x  2*^  =  12  square  inches, 
Area  of  bottom  flange  =  1 2"  x  3"  =  36  square  inches, 
Area  of  web  =  13"'  x  2"  =  26  square  inches, 
Total  area  of  section  =  74  square  inches. 

To  eflect  this  solution  we  must  first  determine  the  position  of 
the  centre  of  gravity  of  the  section. 

Let  X  =  distance  of  the  centre  of  gravity  from  the  outside 
edge  of  the  bottom  flange ; 

•we  have,  therefore, 

12(17-.a:)  +  2(16-a:)x— ^— =  36(a;-|)  +  2(a;-3)x^^-. 
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Beducing  this  equation,  we  get,  a;  =»  6  8  inches. 
To  find  the  moment  of  inertia  of  the  section,  we  must  substitute 
in  equation  (^),  p.  150,  the  proper  values  of  the  symbols,  viz. : — 

6=6,    6i  =  12,    <=2,    ei=:3,    df=ll-2,    rfi  =  6-8,    t^-^Z 

I  =  i{6(ll-2)3-  (6  - 2)(ll-2  -  2)8+12  (G-8)3- (12  - 2)(G-8 -  3)8} 
=  2,846  inch-units. 

Example  11. — In  the  last  example,  determine  the  moment  of 
inertia  of  the  section  with  respect  to  a  vertical  axis  passing 
through  the  centre  of  gravity  of  the  section. 

9/6^ 
1 2 »  moment  of  inertia  of  top  flange  =  -jc)   =  ^^» 

I,-         n  I,        bottom,, -^-(^^)'=432, 

Is-         ,.  .f        web      „  «ii(|)'  =  8-66, 

I  B         „  „         the  whole  section 

=  Ii  +  Ij  +  Ig = 36  +  432  +  8-66  =  476-66  inch-units. 

Example  12. — ^Determine  the  moment  of  inertia  of  the  section 
of  the  girder,  given  in  example  10,  with  respect  to  a  horizontal 
axis  passing  through  its  bottom  edge. 


From  Art.  128  we  find— 

6(2)8 
Ij  =  moment  of  inertia  of  top  flange  =  —tk~  +  6x2(17)' 

«  3,472  inch-units. 


,2 


Ij=         „  „         bottom  „  « ?^|^'  + 12  X  3(l-5)« 

e=  108  inch-units, 

l8=         „  ,.         web       „  =  ?^J|^  + 13  X  2(9-6)« 

« 2,712-7  inchunits, 
I  a»  required  moment  of  inertia =1^  +  12  +  13  =  6,292  -7  „ 
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132.  Moments  of  Inertia  of  Beams  of  Varioos  Sections  aboat 
a  Horizontal  Ans  passing  throngli  their  Centres  of  Gravity. 


(.--* 


Beam  of  Solid  Rectangtdaof'  Section. 


1  = 


12 


•  • 


(a). 


Beam  o/EoUow  Seetangular  Section. 

.      bd^-bjd» 
12  •        • 


(f>) 


Beam  of  Solid  Square  Section, 
1=12      '    <">• 


Beam  o/SoUd  Triangular  SecOan. 


36 


•  • 


{d). 


Beam  of  T-Section. 


I  «  i  {6^8  +  j^^8  .  (j^  _  i)d^B}  ^ey 


Beam  ofEL-Sectton  with  Equal  Flanges. 

i''j^{bd>-{b-b,)d>}.  if). 
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Beam  qfJL-Seetion  toUh  Unequal  Flanffes. 

I  -  ^  {ftd»  -  (6  -  g  (i  -  <)«  +  6j  di> 
-(6i-g(<«i-<x)»}-    .    iff)' 


Seam  of  Crvafiyrm  Section. 


Beam  of  Trapezoidal  Section, 


dr H 


.^—^ 


Beam  ofHrSectionofEquaJL  Flanges^  the  Web 
being  neglected, 


Beam  of  Hexagonal  Section, 

I  =  -5412  b*  .        .        .     (ifc). 

Beam  of  Parabolic  Section, 
bd^ 


1  = 


h 'd ♦! 


21-875 


{!). 
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Beam  of  Solid  Cireular  Seeiion, 

I  =  -78641^    •        .     (m). 

Beam  of  a  ffoUow  Circular  SeeHon. 

1  = -7854(1^ -ri*)         .    (n). 

Beamqfa  SoUd  Semidroular  Seeiiork 
I  =  -11  r*      .        .    (a). 

Beam  of  a  Solid  Elliptical  Section, 

I--7854  6<f«        .        ,    {p). 

Beam  of  a  HoUofw  JElUptical  Section. 
I--7854(6d»-6i(fi8)      .    (g). 


CHAPTER   X. 


HrrBBHAL  STRBS8B8  IK  BKA]i& 


133.  Theory  of  the  Stresses  on  Loaded  Beams.-— Hie  following 
investigation^  it  must  be  borne  in  mind,  is  mainlj  a  theoretical 
one,  and  certain  assumptions  are  made  which  are  not  altogether 
warranted  from  a  practical  stand-point. 

It  is  not  surprising,  therefore,  that  the  results  deduced  do  not 
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in  all  cases  accord  with  those  derived  from  actual  experiment. 
But,  however  imperfect  the  theory  may  be,  it  is  the  best  whicli 
we  possess,  and  the  results  deducible  from  it,  when  modified  by 
practical  experience,  are  sufficiently  accurate  for  all  ordinary 
purposes. 

Fig.  81  represents  a  portion  of  a  loaded  beam,  the  section  of 
which  is  rectangular ;  the  investigation  will  apply,  however,  to 
any  beam  whose  section  is  symmetrical  with  reference  to  a 
vertical  axis,  and  it  is  assumed — ^though  the  assumption  is  not 
accurate  for  most  materials — that  the  material  of  which  it  is 
composed  is  a  perfectly  elastic  one. 

YY  is  a  vertical  section  passing  through  the  centre  of  the 
beam ;  M  N,  M  N  are  sections  at  any  other  parts ;  the  lines 
M  N,  M  N,  Y  Y  all  radiate  towards  the  common  centre  of  the 
circle  of  curvature  of  the  layers  M  M,  O  O,  N  N,  (fee. 

Before  bending,  the  lines  M  N,  M  N  were  vertical,  and  the 
layers  M  M,  N  N  were  of  the  same  length.     After  bending,  the 

top  layer  N  N  becomes 
shortened  and  the  bot- 
tom M  l/L  lengthened, 
and  there  will  beacertain 
layer  00  intermediate 
between  these  which  is 
neither  lengthened  nor 
shortened,  but  retains 
its  original  length.  This 
latter  layer  which  in  a 
beam  of  rectangular  sec- 
tion, or  any  section  sym- 
metrical with  respect  to 
a  horizontal  axis,  is  in 
the  centre  of  the  beam, 
and  is  called  the  neutral 
surface  of  the  beam. 
All  layers  of  the  beam  below  O  O  will  be  lengthened,  and  will, 
therefore,  be  exposed  to  a  tensile  stress,  while  all  those  above 
O  O  will  be  shortened  and  exposed  to  a  compressive  stress ;  the 
layer  O  0  which  is  not  altered  in  length  will  be  exposed  to  no 
stress  whatever. 

Consider  any  intermediate  layer,  P  P,  whose  distance  below 
the  neutral  surface  is  equal  to  y.  Then  if  r= radius  of  curvature 
of  the  neutral  surface  O  O,  r  +  y  will  be  the  radius  of  the  layer 
PP. 

The  original  length  of  P  P  was  equal  to  00,sothat  PP-OO 


Fig.  81. 
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represents  its  increase  of  length;  and  as  the  strain  on  any 
layer  is  measured  by  its  increase  of  length,  the  strain  on  P  P 
per  unit  of  length  is  represented  by  its  increase  of  length  per 
unit  of  length. 

If  Z  » this  strain  we  get — 

-    PP-00 

^ — oo~"- 

As  the  lengths  of  arcs  of  circles  are  proportional  to  their 
chords,  we  get  by  similar  triangles — 

00"~r"      "  '""    r    "^~r 

From  this  it  is  seen  tnat  tJhe  strain^  and  conseqitently  the  stresSf 
on  any  layer  of  a  perfectly  elastic  beam  is  proportional  to  its  distance 
from  the  n^evlral  surface. 

This  is  practically  true  of  beams  of  all  materials,  so  long  as 
the  material  is  not  strained  beyond  a  limit  considered  safe  in 
practice. 

The  layer  at  a  distance  y  above  the  neutral  surface  is 
shortened  by  the  same  amount  as  the  layer  P  P  is  lengthened, 
consequently  the  stress  upon  it  is  the  same  in  amount,  but  of 
opposite  kind. 

As  the  total  stresses  above  and  below  the  neutral  surface  are 
equal  in  amount,  it  follows  that  the  neutral  surface  must  pass 
through  the  centres  of  gravity  of  the  different  sections  of  the 
beam,  and  the  neutral  axis  X  X  must  pass  through  the  centre  of 
gravity  of  its  cross-section. 

It  will  be  gathered  from  the  foregoing  explanation,  that  in  a 
loaded  beam  of  any  section  the  external  fibres  at  the  top  or 
bottom  may  be  strained  to  their  breaking  point,  while  those  near 
the  neutral  surface  may  be  exposed  to  little  or  no  stress.  Beams 
of  a  rectangular  section  which  have  a  great  deal  of  material  close 
to  the  neutral  surface  are,  therefore,  not  economical,  while  those 
of  a  circular  section  are  still  less  so.  On  the  other  hand,  flanged 
beams  of  H-section,  which  have  the  bulk  of  the  material  at  a 
distance  from  the  neutral  surface,  are  best  adapted  for  resisting 
the  longitudinal  stresses  of  compression  and  tension. 

The  bending  moment  developed  in  each  section  of  a  beam  haA 
to  be  resisted  and  held  in  equilibrium  by  its  rrioment  of  resistance 
with  reference  to  the  neutral  axis,  so  that  in  all  cases  thejbending 
moment  must  be  equal  to  this  moment  of  resistance^ 
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Let  fii  —  rnqment  of  resistance  to  fieKuretf 
M  =  bending  moment. 
Then  in  all  cases  /£.  =  M. 

The  expression  fi,  in  addition  to  being  called  the  moment  of 
resistance  to  flexure^  is  also  sometimes  designated  the  moment  of 
the  elastic  forces^  or  the  moment  of  stress, 

134.  We  will  now  show  how  fL  may  be  determined  for  beams 
of  different  sections. 

Consider  the  cross-section,  ahcdy  of  the  beam,  shown  in 
fig.  81,  to  be  made  up  of  an  infinite  number  of  elementary 
laminse  parallel  to  the  neutral  axis  X  X. 

Let  ^= thickness  of  one  of  these  laminie  pp, 
5  b  breadth  „  „  „ 

y»it8  distance  from  X  X. 
y=  intensity  of  stress  per  unit  on  the  li^mit^ft. 

Then  the  total  stress  on  the  lamina —/^  t. 

The  moment  of  this  stress  with  respect  to  the  neutral  axis 

=/*<y (!)• 

Let  A^  » distance  of  the  extreme  fibres  at  a  &  from  X  X. 

f^  =  compressive  unit-stress  on  the  fibres  a  b, 
^B  tensile  ,,  „  etL 

Then  we  have  ^=-r,  or/=  y^  .y. 
/i    ^  ^1 

Similarly  we  get/=^.  y. 

Substituting  these  values  in  equation  (1)  we  get  moment  cf 
stress  on  the  elementary  lamina  je>;? 

Taking  the  sum  of  all  these  moments  about  the  neutral  axis, 
'  we  obtam  the  moment  of  resistance  of  the  whole  seotion. 

fA  =  {^2bty^,  orA*«V26<y«. 
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We  have  seen  in  Chapter  IX.,  Art.  126,  that  the  expreaaion 

Ibty^  represents  the  moment  of  inertia  of  the  section  with 

respect  to  the  axis  XXor26<^  =  L 

f  f 

Consequently  /»  =  ^ .  I,  or  /x  =  ^ .  I. 

Of  these  two  values  of  ii»  the  least  should  be  taken  in  calculat- 
ing the  strength  of  the  beam. 

The  general  expression  for  the  moment  of  resistance  of  the 
section  is — 

M={.I     ....        (2). 

▼here  /» unilrsti'ess  on  the  fibres  at  the  distance  h  from  the 
neutral  axis. 
As  /(i  s=  M  (bending  moment)  we  get — 

M-fl    ....       (3). 

This  equation  will  enable  us  to  determine  the  strength  of  any 
beam,  no  matter  how  loaded. 

If  the  bending  moment  at  any  section  of  a  beam  be  known, 
and  also  the  moment  of  inertia  of  the  section  about  its  neutral 
axis,  the  intensity  of  the  stress  on  the  fibres  at  a  distance  h  from 
the  neutral  axis  may  be  found  from  the  equation^ — 

/-^      ....       (4X 

which  is  derived  from  equation  (3). 
135.  Beam  of  Solid  Rectangular  Section. — 

Let  h  =  breadth  of  beam. 
cf»  depth  „ 

In  this  case  the  neutral  axis  passes  through  the  centre  o£  the 
section  so  that — 

*"2'  ^"12- 
Snbstitatmg  these  valaes  in  equation  (3)  we  get.— 

M=^  ...        (5). 
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If  the  section  of  the  beam  be  a  square,  whose  side  is  h,  we  get—* 
Ma=^— (6). 

136.  Beam  of  a  Solid  Square  Section,  One  Diagonal  being 
Vertical— 

Let  b  =  side  of  square. 

ThenA=- 


9 

And  since  1  =  10- 
Substituting  in  equation  (3)  we  get— 

137.  Beam  of  a  Solid  Circular  Section.— 

Let  r  =  radius,  A  =  r. 

1  =  -7854  r*, 
M  =  -7854/r»    ....        (8). 

138.  Beam  of  a  Hollow  Circular  Sectioa — 

Let  r  =  external  radius, 
r^  =»  internal  radius, 
I  =  -7854  (r*  -  r^% 

M=  -7854/.^"^^^*         .        .        (9). 

If  <  Bs  thickness  of  the  tube,  then  r^  «=  r  -  <• 
Substituting  this  value  of  r^  in  equation  (9),  we  obtain — 

M  =  -7864/.  t:=JL:Jt 
.  .7854/.  i^li^li^^iir^^. 

If  <  be  small  compared  with   r,  the  expressions  containing 
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<*,  fiy  and  t^  may  be  neglected  without  introducing  much  error, 
and  we  get — 

M  =  -7854/.  ^^  =.^/i^t  .        .        (10). 

139.  Beam  of  Hollow  Bectangolar  Section.— 

Let  d  and  d^  =  external  and  internal  depths, 

b  and  b^  =  external  and  internal  breadths. 

bd^-^b^  d^^ 
^"         12"       ' 

M^-/^{bd^^b,d,^)     •        .        .        (11). 
If  the  beam  be  of  a  hollow  square  section 

b  ^   dy  6j  as  (fj. 

M  =  g^(d*-d,«)  .       .       .        (12). 

If  the  square  tube  be  of  uniform  thickness,  t^  throughout 
4i  =  d-2t 

Substituting  this  value  of  d^  in  equation  (12)  and  neglecting 
all  terms  containing  fi^  fi,  and  ^,  we  get — 

M  =  |./d«^   .        •        .        (12a). 

This  equation  gives  a  sufficiently  accurate  result  if  ^  be  small 
compared  with  d. 

140.  Beams  of  H-Section  with  Equal  Flanges.— 

Let  b  =  width  of  each  flange, 
d  =  total  depth  of  beam, 
rfj  =  depth  of  web, 
bi  =  thickness  of  web. 

Then  I'l^{b<P-{b-b;}d^>} 
A     *^ 
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Substitutmg  these  values  of  I  and  h  in  equation  (3),  we  get — 

M^-L{hd?-{b-h,)d,^)    .        .        (13). 

If  the  thickness  of  the  flanges  be  small  compared  with  the 
depth  of  the  beam,  we  obtain  from  equation  (13),  Copter  IX. — 

M-/</o(«i+^)  .        .        (14), 

where  cIq  =  depth  between  centres  of  flanges, 

Oi  s  area  of  each  flange, 

ag  =  area  of  the  web. 

If  the  web  of  the  girder  be  thin,  it  may  be  neglected  without 
introducing  much  error;  in  which  case  we  And  from  equation  (14), 
Chapter  IX. — 

M=/rfoai       .         .        .         (15). 

If  the  beam  be  placed  so  that  its  web  is  horizontal  instead 
of  vertical ;  its  moment  of  inertia,  with  respect  to  a  horizontal 
axis  passing  through  its  centre  of  gravity,  is  from  equation  (10), 
Chapter  IX.— 

I  =  j^{63(c?-^,)+6,»c^}, 

where  b,  d,  b^,  d^y  represent  the  dimensions  already  given.     From 
this  we  get — 


M=|{j*(c?-cii)  +  ^}.        .        (16). 


An  adaptation  of  equation  (15)  may  be  used  for  determining 
the  strengths  of  most  wrought-iron  and  steel-rivetted  girders,  as 
in  such  cases  the  webs  are  thin,  and  for  practical  purposes  the 
strength  which  they  add  to  the  girder  in  resisting  bending 
moments  may  be  neglected.  In  such  girders,  also,  the  thickness 
of  the  flanges  is  small  compared  with  the  depth  of  the  girder. 

Let  S  =  total  stress  on  either  flange  of  the  girder  in  tons; 
then        S  =  /  «!, 
where     /  =  unit-stress  in  either  flange, 

c^  =  sectional  area  of  either  flange  in  square  inches. 

Equation  (15)  may,  therefore,  be  written 

M.^B  xd       .        .        .        (17), 

where  d  =  depth  between  centres  of  gravity  of  the  flanges. 
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For  girders  resting  on  two  abutments  of  span  I  and  supporting 
a  weight  W  at  the  centre,  M  =  -^. 
Substituting  in  equation  (17),  we  get — 

S  =  -j^  ....        (18). 

For  girders  supporting  a  distributed  load  W, 

s  =  S-      •      •     •      <i^)- 

For  a  cantilever  of  length,  I,  with  a  weight,  W,  at  the  end, 
S  =  ^.       .        .        .        (20). 
For  a  cantilever  supporting  a  distributed  weight,  W, 

S  =  S-        •        •        •        (21). 

Example  1. — A  cast-iron  girder  of  H-section  rests  on  two 
supports  20  feet  apart;  what  weight  placed  at  its  centre  will 
break  it,  the  modulus  of  rupture  being  12  tons ;  and  the  section 
of  the  girder  being — 

Total  depth  e^  =  12  inches, 
Depth  of  web  d^  =  9  inches. 
Width  of  each  flange  6  =  5  inches, 
Thickness  of  web  ^^  =  1  inch  ? 

The  flanges  are  of  equal  thickness,  viz.,  1^  inches, 

/  =  12  tons,        I  =  240  inches. 

Let  "W  =s  required  breaking  weight  in  tons. 
The  maximum  bending  moment,  M  =  60  W. 
Substitute  in  equation  (13) 

60  W  =  ^{ftci«-(ft-fti)c?i«} 

"64t2^^'^<^^>'"<^-^>'^<^)'>- 
W  =  15-9  tons. 
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Applying  the  approximate  equation  (14),  we  get — 

60W=  12  X  10-6  (7-6  +  |Y 
or,  W  =  18-9  tons. 

141.  Beams  of  H-Section  with  Unequal  Flanges.— In  cast-iron 
^rders  of  H-section,  the  section  of  the  bottom  flange  is  made 
<;onsiderab]y  larger  than  that  of  the  top,  as  cast  iron  is  much 
stronger  in  compression  than  in  tension. 

The  moment  of  resistance  of  the  section  of  such  a  girder  is 
expressed  by  the  general  equation 

.^l    I 

where  I  »  moment  of  inertia  of  the  section  with  respect  to  an 
axis  passing  through  its  centre  of  gravity,  and  parallel  to  the 
flanges. 

/  =  unit-stress  on  the  extreme  fibres  of  the  beam, 
h  —  distance  of  extreme  fibres  from  the  neutral  axis. 

/  may  represent  the  unit-stress  on  the  extreme  fibres  either  at 

the  top  or  bottom  of  the  beam,  whichever  gives  to  j-  its  least 

value. 

For  example,  if  the  ultimate  strength  of  cast  iron  in  com- 
pression =  40  tons  per  square  inch,  and  the  distance  of  the 
extreme  top  fibres  from  the  neutral  axis  =  8  inches,  then 

h  "  "8"  "  ^• 

In  the  same  beam,  if  the  strength  of  the  iron  in  tension  —  8 
tons  per  square  inch,  and  the  distance  of  the  extreme  bottom 

f      8 
fibres  from  the  neutral  axis  =  2  inches,  then  ^a.  ^  =  4. 

As  this  second  value  of  ^  is  the  smaller,  it  must  be  substituted 
in  the  general  equation  in  determining  the  strength  of  the  beam. 
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Let  h  =  width  of  top  flange, 
t  =  thickness  of  top  flange, 
6j  =  width  of  bottom  flange, 
^  =  thickness  of  bottom  flange, 
<2  =  thickness  of  web, 

d  =«  distance  of  top  of  beam  from  the  neutral  axis, 
^1  =       »        }j  bottom     „  „  „ 

/  and  j^  =  unit-stresses  at  the  top  and  bottom  of  the  beam, 

,  See  equation  (^),  page  150. 

Substituting  this  value  of  I  in  equation  (2)  we  obtain — 

/,  /i       / 

—^  must  be  used  in  this  case  as  ^-^  <  ^. 
o  a-i  o  a-^     oa 

This  is  the  complete  expression  for  the  moment  of  resistance  of 
the  section.  Several  approximations  may  be  made  according  to 
the  relative  proportions  of  the  different  parts  of  the  section. 
Por  example,  if  the  thickness  of  the  flanges  be  small  compared 
with  the  depth  of  the  beam,  they  may  be  supposed  to  be  con- 
centrated at  their  centre  lines.  In  such  case  we  get  the  follow- 
ing approximate  formula — 

Where  d  =  distance  of  centre  of  top  flange  above  the  neutral 

axis, 
dj^  =  distance  of  centre  of  bottom  flange  below  the 

neutral  axis, 
Oj  =  area  of  top  flange, 
^2  ^  area  of  bottom  flange, 
0^3  '=  area  of  web  above  the  neutral  axis, 
©4  =  area  of  web  below  the  neutral  axis, 
/ »  stress  on  the  extreme  flbres  at  the  top  of  the 

beam, 
/i  »  stress  on  the  extreme  fibres  at  the  bottom  of  die 

beam. 

f     t  f  f 

Ky  <  3>"j  "^^*  ^  taken  as  the  multiple  instead  of  j 

11 
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When  the  flanges  of  the  beam  are  equal  to  each  other,  the 
neutral  axis  passes  through  the  centre  of  the  ^eb. 

If  dQ  =  depth  between  the  centres  of  the  flanges, 
a^  =  area  of  each  flange, 
o^  B  area  of  the  web, 

equation  (23)  may  be  written — 


i^-/^(«i  +  ^)> 


or, 


which  agrees  with  equation  (14),  as  already  determined. 

142.  Beams  of  T-Section. 

Let  6j  =  width  of  flange, 

(  «=  thickness  of  web, 

d  =  distance  of  centre  of  gravity  from  edge  of  web, 
c^  =       „  „  „        outside  edge  of  flange^ 

d^  «       „  „  „        inside       „  „ 

Then  since  from  equation  («),  p.  149, 

I-l{6d»+6irfi».(6,-6)(£2*} 
wehaye  0  «  y^{6<^'+*i^'-(^-^W}. 

/»-§^{&(i»+6i^»-(6i-ft)^2*}      •    (24). 

Where  «  /^  unit-stress  on  fibres  at  a  distance  d  from  the 
neutral  axis, 
fi  «  unit-stress  on  fibres  at  a  distance  d^  from  the 
neutral  axis. 

/        /i 
The  multiple  —^  or  ^^  is  to  be  taken,  whichever  is  least, 

143.  Discrepancies  between  Theoxy  and  Practice  in  Determining 
the  Strength  of  Solid  Beams. — The  theory  which  has  been  given 
f<Nr  determining  the  strengths  of  beams  cannot  be  rigidly  applied. 
Certain  modifications  have  to  be  made  to  suit  beams  of  different 
sections. 

For  a  beam  of  rectangular  section — 

^hd^ 
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If  a  weight,  W,  rests  on  the  centre  of  such  a  beam  whose  span 
is  (.  we  get — 

4 

Snbstituting  this  value  of  M  in  the  preyious  equation,  we  get 
(since  /a  =  M) — 

-j--/-^,  or  W«j/.-p        .       (26). 

If  W  be  the  breaking  weight  of  the  beam,  /  ought  to  repre- 
sent the  ultimate  compressive  or  tensile  strength  per  unit  of 
area  of  the  extreme  fibres ;  the  strength  of  the  beam,  however,  as 
determined  from  experiment,  does  not  confirm  this  view. 

We  will  explain  this  by  means  of  an  example. 

Example  2. — What  weight  applied  at  the  centre  of  a  cast-iron 
bar  V  square,  placed  on  two  supports  60*  apart,  will  break  it, 
the  tensile  strength  of  the  iron  being  9  tons  per  square  inch, 
and  its  direct  crushing  strength  50  tons  per  square  inch  1 

This  bar  will  fail  by  the  fibres  at  the  bottom  tearing  apart^ 
and,  according  to  the  theory  propounded,  this  will  take  place 
when  the  stress  on  them  =  9  tons  per  square  inch.  Conse- 
quently we  must  put/  =»  9  tons,  &  »  cf  »  1,  2  »  60,  in  equation 
(27)  when  we  get — 

2      9x1 
W  =  ^  X  — FA—  tons  »  2  cwts. 

Now,  if  this  bar  be  tested  experimentally  by  applying  gradually 
increasing  weights  at  its  centre,  it  will  (if  sound)  probably 
support  500  lbs.  before  failure  takes  place.  In  other  words, 
its  actual  strength  is  between  2  and  3  times  that  found  accord- 
ing to  the  foreg<»ng  calculation. 

In  the  case  of  round  bars,  or  square  bars  with  one  diagonal 
vertical,  the  discrepancy  between  the  theoretical  and  actual 
results  is  still  greater. 

Various  explanations  have  been  given  to  account  for  these 
discrepancies  in  the  strengths  of  solid  beams,  but  none  of  them 
appear  to  be  quite  satisfitctory.  One  explanation  is  that  when 
a  beam  is  loaded  transversely,  the  position  of  the  neutral  axis 
which  at  first  passed  through  the  centre  of  gravity  of  the  section 
gradually  shifted  its  position  as  the  load  was  increased.  Thia 
assumption  does  not  seem  improbable  in  the  case  of  a  material 
like  cast  iron,  in  which  the  ultimate  tensile  and  compressive 
strengths  differ  materially  from  each  other. 
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It  is  also  probable  that  the  lateral  action  between  the  different 
fibres  of  solid  beams,  which  are  exposed  to  different  stresses, 
tends  to  equalise  the  stresses,  and  thereby  accounts  for  the 
discrepancy. 

To  illustrate  the  effect  of  this  lateral  action,  let  a,  b,  c,  d  (fig. 
82)  represent,  say,  a  plate  of  iron,  and  suppose  it  be  exposed  to 
a  tensile  stress  close  to  the  edge  a  b.  If  the  plate  be  a  short  one 
the  fibres  which  are  exposed  to  the  greatest  stress  will  be  those 
close  to  the  edge  a  b ;  but  these  are  not  the  only  fibres  strained, 
for  owing  to  the  lateral  adhesion  between  them,  a  portion  of  the 
stress  on  those  at  a  &  will  be  communicated 
to  those  next  to  them,  and  these  in  their 
turn  will  communicate  a  portion  of  their 
stress  to  their  neighbours,  and  so  on,  until 
the  opposite  edge  dels  reached,  so  that  the 
maximum  stress  will  occur  on  the  fibres  at 
a  b  and  the  minimum  stress  on  those  at  dc. 
In  the  case  of  flanged  girders  with  thin  webs,  the  value  of  ^ 
as  found  by  experiment,  agrees  very  nearly  with  the  ultimate 
tensile  or  compressive  strength  of  the  material,  whichever  is 
least ;  but  in  beams  of  solid  section  it  varies  according  to  the 
section. 

Professor  Eankine,  instead  of  calling  /  the  ultimate  strength 
of  the  fibres,  calls  it  the  modulus  of  rupture,  and  assigns  to  it 
different  values,  according  to  the  material  and  also  to  the  section 
of  the  beam.  These  values  are  given  in  Table  XVIIL,  and  by 
using  the  proper  value  of/  the  various  formuleB  given  may  be 
applied  with  confidence  in  determining  the  strengths  of  beams. 


Fig.  82. 


TABLE  XVin.— Moduli  of  Rupturx  (/)  of  Beams  of  Diffkrekt 
Sections  and  Diffebbnt  Materials. 

Modalns  of 

Bnptnre   (/) 

inTooB. 


MATEBIAL& 
Cast  Iron, 

Small  rectangnlar  bars  (not  exceeding  1  inch  in  width), 

Large  rectangular  bars  (3  inches  wide), 

Eeotangular  bars  of  Salisbnry  iron,  U.S.A.  (not  exceeding 
1  inch  in  width), 

Small  round  bars  1  inch  diameter, 

„         „         2  inches      „ 

Beams  of  I-section,  from . 

to     .  . 


20*4 
13-5 

24*0 
23-0 
20  0 
7-5 
15-0 
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TABLE  XVUL-CoiKiniifti. 
MATERIALa 

Wrought  Iron, 

Rectanflralar  ban,  .••••• 

Rolled  I-^rders,  with  flanges  of  equal  area»  about       •  • 

T-iron,  with  the  flange  above,  abont     •  •  •  * 

ff  y,  below,      „         •  •  •  • 

Circular  rivetted  tubes  of  plateiron,  with  transvene  joints 
double  rivetted,       •••••• 

Steel  Ccutings^ 

Bough  cast  bars,  annealed  and  cooled  in  oil  at  first  set,  • 

„  ,,  t,  at  fracture,  • 

Cast  bars,  planed  and  annealed,  whose  deflection  limits  their 

utility,  ....... 

Cast  bars,  planed,  annealed,  and  cooled  in  oil,  whose  deflection 

limits  their  uUlity,  .  .  •  .  • 

Wrought  Steel. 

Rectangular  bars  of  hanmiered  Bessemer  steel  for  axles,  rails, 

Ac,      .  .  •  .  • 

„  rolled  Bessemer  steel  „  „ 

„  hammered  crucible  steel  for  axles,  tyres, 

&c.,      ..... 

,9  rolled  crucible  steel  for  axles,       •  • 


Timber, 


Ash,         •  • 

Beech,      • 

Birch,      •  • 

Elm, 

Fir,  Red  Pine,     . 

,,    Spruce,        • 

„    liarch. 
Oak,  British  and  Russian, 

„      Dantzic, 

„      American  Red, 
Sycamore, 
Teak,  Indian,      . 
„    African,    . 


Modnlosor 
BoDtnre   (/) 


23-0 
27-0 
24-0 
23-0 

19*6 

40*8 
91-2 

27-0 

32-4 


67-2 
61 -4 

66*0 
52*8 


5-3  to  6-25 
4-0  to  5*3 

5-2 
2-7  to  4-3. 
3-1  to  4-3- 
4*4  to  6-5 
2-2  to  4-4 
4-4  to  6*0* 

3-9 

4-7 

4-3 
5*3  to  8-a 

6-7 


Tables  XIX.  to  XXIY.  give  the  results  of  tests  made  bj 
Mr.  Barlow  to  determine  the  transverse  strengths  of  cast-iron 
beams  of  square,  i*ound,  and  H-section.  The  last  column,  which 
gives  the  value  oi/ov  modulus  of  rupture,  I  have  added. 

The  bars  were  placed  on  supports  at  their  extremities  and 
loaded  at  the  centre  by  a  weight  gradually  increased  until 
rupture  took  place. 
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TABLE  XIX.— ^XTABB  Bails  of  Cast  Iron  Broken  on  their  Sides, 
Span  60  Inches. 


Depth. 

BreadttL 

SeotfoMaAiea. 

Breaking 
Weight. 

Value  of/. 

Inches. 

Imbbm, 

Sq.lBOhei. 

Lbe. 

Lba. 

1-01 

102 

1030 

605 

43,689 

1-01 

1025 

1035 

505 

43,492 

1-01 

1-02 

1030 

561 

48,534 

102 

1025 

1046 

533 

46,004 

1-00 

*    102 

1-020 

OS 

47,030 

i      1010 

1O20 

1*032 

627 

45,660 

TABLE  XX.— Square  Bars  of  Cast  Iron  Broken  on  their  Sides, 
Span  60  Inches. 


Depth. 

Breadth. 

Sectional  Area. 

^^h-f 

VWueof/. 

Inches. 

Inobes. 

Sq;  Inches. 

Lba. 

Lbs. 

1-986 

2-020 

4-010 

3,303 

36,700 

1-990 

2-016 

4-010 

3,303 

36,790 

2-010. 

2-010 

4-040 

3,443 

38,160 

2-000 

1-990 

3-980 

3,863 

43,896 

i      1-996 

2009 

4-010 

3,478 

38,886 

The  valnes  of /in  Tables  XIX.  and  XX.  are  calculated  from 
^he  equation — 

3    W/ 

•^  "  2  'IfP-* 
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TABLS  XXL— Squabx  Bajks  qv  Cast  Ibon  Bbokbit  on  tkhb  Avoli^ 
Span  60  Incbjis. 


J)9pQL 

SldeofSqum 

SeoaoniJArea. 

BreaUng 

Yttaeotf, 

Inebea. 

iDches. 

8q.  Inehaa 

Lb*. 

Urn, 

1-442 

1-020 

1-040 

449 

<3,946 

1-467 

1-037 

1-076 

421 

48,134 

1-450 

1-025 

1-050 

449 

53,160 

1-428 

1-010 

1-020 

449 

55,564 

1-428 

1-010 

laod 

477 

59,031 

8      1*443 

1-020 

1-041 

440 

53,073 

The  valaes  of  y  in  Table  XXL  are  oalcolated  from  the 
equation — 

.     6-5WI 

TABLE  XXn.— Solid  Ctuhdrical  Babs  of  Cact  Ibov 
Spak  60  Ikchxs. 


Mean  Diameter. 

Sectional  Area. 

Breaking  Weights 

Valoeof/. 

laolML 
1-145 

1-113 

1115 

*  1-118 

1-120 

8q.  InolMa 
1030 
0-972 
0-976 
0-981 
0-985 

Lba. 
519 
505 
449 
449 
449 

5Q,860 
56,017 
49,511 
49,127 
48,840 

Mean,    1122 

0-989 

474 

51,271 

The  Talues  of /in  Tables  XXIL  and  XXIII.  are  eaicalatod 
firom  the  equation — 
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TABLE  XXm.— SouD  Ctlikdbioal  Babs  or  Cast  Ibon» 
Span  60  Ikohss. 


MeanDlMneter. 

Sectional  Area. 

Breaking  Weight 

Value  of/. 

InoheB. 

8q.  Inches. 

Lbs. 

Lbs. 

2-62 

4-987 

4,283 

40,897 

2-52 

4-987 

4,283 

40,897 

2-52 

4-987 

4,003 

38,223 

2*51 

4*948 

4,003 

38,524 

Mean,  2*52 

4-977 

4,143 

39,635 

TABLE  XXrV.-— Cast-Ibon  Beam  op  H-SKcmoN,  with  Equal  Flanges, 
Web  Vebtical,  Span  48  Inches. 


Total 
Depth. 

Thickness 
of  each 
Flange. 

^^b.^' 

Width  of 

each 
Flangei 

Thickness 
of  Web. 

SecUonal 
Area. 

Breaking 
Weight 

Valneof 

Inohes. 
1-97 

2-00 

2-01 

2-08 

2-07 

2-07 

206 

Inch. 
•495 

•600 

•506 

•665 

•63 

-61 

•62 

Inches. 
•98 

1-00 

100 

•97 

1-01 

1-05 

1-02 

Inches. 
1-99 

1-97 

202 

2-07 

2-02 

204 

2-09 

Inch. 
-55 

•47 

•48 

•53 

•62 

•47 

•63 

Sq.In. 
2-51 

2-47 

2-52 

2-81 

2-67 

2-57 

2-71 

Lbs. 
3,310 

3,560 

3,735 

3,910 

4,528 

4,563 

4,423 

Lbs. 
33,878 

35,950 

36,366 

34,005 

40,784 

41,582 

40,060 

J  204 

•61 

1^ 

203 

•60 

2-60 

4,004 

37,512 

The  Talne  of /in  Table  XXIY.  is  calculated  firom  the  equation — 
f   3  WdZ 
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These  experiments  are  instructive  in  showing  how,  in  bars  of 
the  same  material,  the  modulus  of  rupture  varies  according  to 
the  section.  It  will  be  noticed  that  the  smaller  the  section  tho 
greater  is  the  modulus.  Roughly  speaking,  with  bars  1  inch 
square  broken  on  their  sides  the  modulus  is  20  tons,  while  with 
those  2  inches  square  the  modulus  is  only  17  tons.  Again,  with 
1  inch  square  bars  placed  with  a  diagonal  vertical,  the  modulus  is 
as  high  as  24  tons,  and  with  circular  bars  1  inch  diameter  it  is 
23  tons.  When  the  diameter  of  the  circular  bars  is  increased  to 
2^  inches,  the  modulus  is  found  to  be  reduced  to  18  tons.  As  is 
to  be  expected  in  those  bars  which  have  most  material  in  the 
neighbourhood  of  the  neutral  axis,  the  modulus  is  highest.  For 
example,  comparing  a  circular  bar,  1  inch  diameter,  and  a  beam 
of  H-section,  1  inch  deep,  the  respective  moduli  are  23  and 
16-75  tons. 

144.  Solid  Rectangular  Cantilevers  Loaded  Unifonnly.— 

Let  W  =  load  uniformly  distributed, 
/= length  of  semi-girder, 
b  =:  breadth  of  beam, 
c£= depth  of  beam. 

Moment  of  resistance  fi,  =/ .  -^. 

W^ 
Maximum  bending  moment  M  =  —^ , 

We,  therefore,  have  —^-^f,  -~  : 

ja  0 

orW=/.^      •        •      (20). 

Eocample  3. — One  end  of  a  rectangular  beam  of  oak,  10  feet 
long,  4  inches  wide,  and  6  inches  deep,  is  fixed  in  a  wall ;  what 
load  distributed  over  its  length  will  break  it,  the  coefficient  of 
rupture  of  oak  being  five  tons  ? 

Here  we  have  /  =  5  tons,  6  =  4  inches,  rf  =  6  inches, 
/  =r  120  inches. 

Substituting  these  values  in  equation  (26),  we  get — 

„     6x4x(6)2     „^ 

Example  4. — One  end  of  a  bar  of  cast  iron,  4  inches  square, 
was  firmly  fixed,  the  projecting  portion  being  6  feet.     Weights 
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equally  distributed  were  gradually  applied  until  the  bar  broke. 
Determine  the  moment  of  rupture  of  the  bar,  the  breaking 
veight  being  4  tons. 

Prom  equation  (26)  we  get  by  transposing — 

Substituting  the  values  given  above  in  this  equation,  we 
find— 

-     3x4x72     ,«-. 
/=.  — Tjys—  ■=  13'^  ^^ 

145.  Solid  Becta&gnlor  Gantilever  loaded  at  the  Free  find.— 

Adopting  the  usual  notation  we  get — 

^^-^f,    M-Wl 
Equating  these,  we  get — 

or,W=^'     ....    (27). 

Example  6. — ^What  weight  suspended  from  the  end  of  a 
rectangular  cantilever  of  wrought  iron,  2  inches  wide  and  3 
inches  deep,  will  break  it,  the  length  of  the  cantilever  being 
5  feet,  and  the  modulus  of  rupture  of  the  bar  being  24  tons? 

From  equation  (27)  we  have — 

_     24  X  2  X  (3)2    -  «  ^ 
^  =  — a    gn      =l'2tons. 
ox  60 

Bars  of  wrought  iron  of  this  section  rarely  actually  break,  but 
they  become  so  bent  that  their  utility  is  destroyed,  and  for  all 
practical  purposes  they  may  be  considered  to  be  fractured. 

Example  6. — A  square  bar  of  soft  steel,  3  feet  long,  is  fixed  in 
a  cantilever  form.  What  must  be  the  section  of  the  bar,  so  that 
a  weight  of  2  tons  hung  from  its  end  will  just  produce  fructure, 
the  modulus  of  rupture  being  36  tons  ? 

Let  <^=side  of  the  bar  in  inches. 

From  equation  (27)  we  get — 


(18= — -— ,  or  a  a 


/6W?\* 
XT')' 
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Substituting  the  values  given  in  the  example,  we  get — 

d  =  /ll|jli£y  =  (12)*  =  2-3  inches  nearly. 

Example  7. — ^In  the  last  example,  if  the  depth  of  the  bar  be 
2  inches,  what  must  be  its  width  in  order  to  support  the  weight  1 
From  equation  (27) — 

.     6W/    6x2x36     „,    - 

Example  8. — If  the  bar  in  example  (6)  be  3  inches  wide  and 
4  inches  deep,  what  weight  suspended  at  the  centre  of  the  canti- 
lever, in  addition  to  the  2  tons  at  the  extremity,  will  cause 
fidlure  ?    Let  W  =  required  weight. 

The  maximum  bending  moment  is 

M  =  2x36  +  18xW, 

Equating  this  to  the  moment  of  resistance  of  the  section,  we 
obtain — 

.'.  W  =  12  tons. 

146.  SoM  Bectaajnlar  Beams  supported  at  b6th  Ends  and 
Leaded  at  the  Centre.— 


fbd*  Wl 


..W  =  |.-^*-^.        .        .        (28). 


3  •      I 

147.  Solid  Rectangular  Beams  supported  at  both  Ends  and 
Loaded  Uniformly. — 

fbcP        -,     Wl 

«*=-6—     ^"-r- 

Example  9. — A  beam  of  cast  iron,  whose  section  is  5  inches 
square,  is  placed  upoQ  two  props  10  feet  apart.     What  weight, 
.  placed  at  its  centre,  will  cause  fracture,  the  modulus  of  rupture 
being  14  toost 
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From  equation  (28) — 

-^      2      14  X  5  X  (5)«      ^  -  ^ 
^==3^ 120  -^•7*^^«- 

Examph  10. — In  the  last  example,  if  the  beam  be  placed  so 
that  a  diagonal  of  the  cross-section  is  vertical,  what  is  the  break- 
ing weigJit  at  the  centre,  the  modulus  of  rupture  being  16  tons  1 

In  this  case,  since  from  equation  (7), 

^^  8-5' 

From  equations  ^6)  and  (7)  it  is  seen  that  the  strength  of  a 
beam  of  square  section  with  a  side  vertical  is  to  that  of  the  same 
beam  with  a  diagonal  vertical,  as  8 '5  :  6,  on  the  understanding 
that  the  moment  of  rupture  (/)  in  both  cases  is  the  same. 
With  some  materials,  however,  notably  cast  iron,  the  moment 
of  rupture  in  the  latter  case  is  somewhat  greater  than  in  the 
former,  on  account  of  there  being  more  material  in  the  neigh- 
bourhood of  the  neutral  axis  of  the  section,  the  proportion 
of  the  moments  of  rupture  in  the  two  cases  for  small  sections 
being  something  like  10  to  9.  This  has  the  effect  of  reducing 
the  relative  strength  of  cast-iron  bars  with  a  side  vertical  to  a 

diagonal  vertical  from  —x-  to  -tt-  x  -z^r  or  about  -=^.      In  the 
6  6        10  5 

example  just  considered,  this  proportion  is  as  9*7  to  7*84. 

Example  11. — A  beam  of  spruce,  6  inches  wide  by  9  inches 
deep,  rests  on  two  supports  15  feet  apart ;  what  weight  per  lineal 
foot  distributed  over  the  beam  will  cause  it  to  break,  the  moment 
of  rupture  of  spruce  being  5  tons  1 

Let  W  =  required  weight  per  foot  in  tons. 

From  equation  (29),  we  have — 

■W7      1  «r      4    5  X  6  X  (9)*      -  o  . 
^^^^=-3-  180         -1^^°^ 

or  W  =  1-2  tons. 

Example  12. — In  the  last  example,  what  distance  apart  must 
the  supports  be  so  that  the  beam  may  break  by  its  own  weight, 
the  weight  of  a  cubic  inch  of  spruce  being  *0185  lbs.  1 
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Let  /  »  required  span  in  inches, 

W  =  weight  of  the  beam  in  pounds, 
/  =  moment  of  rupture  in  pounds. 

From  equation  (29),  we  get — 

^      4      11200  X  6  X  (9)^      7257600 

Also  W  =  6x9x;x-0185  =  /. 
Equating  these  two  values  of  W,  we  get  — 

,      7257600         ,      o  «Q>i  •     u 
I  -. — ^  or  /  =  2,694  inches. 

When  the  length  of  the  beam,  therefore,  is  224*5  feet  it  will 
break  by  its  own  weight. 

Example  13. — A  square  bar  of  cast  iron,  3  inches  by  3  inches, 
rests  on  two  supports  60  inches  apart.  A  weight  of  3  tons  is 
suspended  from  the  centre  of  the  bar.  What  additional  weight 
suspended  at  one  foot  from  the  centre  will  break  it  1 

Let  W  =  required  weight  in  tons. 

The  maximum  bending  moment  takes  place  at  the  centre  of 

the  beam,  and  equals  (45  +  9  W)  inch-tons. 

The  moment   of   resistance    of   the  section    of   the  bar  is 

15  X  27 
ft  =  — =  67*5  inch-tons,  the  modulus  of  rupture  being 

taken  at  15  tons  per  inch. 

Equating  these  two  expressions,  we  have — 

9  W  4-  45  =  67-5, 

or  W  =    2-5  tons, 

A  weight  of  2*5  tons,  therefore  (in  addition  to  the  central  load 
of  3  tons),  placed  at  1  foot  from  the  centre  of  the  bar,  will  cause 
it  to  break  at  the  centre. 

Example  14. — A  round  bar  of  cast  iron  is  placed  upon  two 
supports  6  feet  apart.  A  weight  of  2  tons  hung  from  a  point 
2  feet  6  inches  from  one  of  the  bearings  is  just  sufficient  to 
fracture  it.  What  must  be  the  diameter  of  the  bar  if  the 
modulus  of  rupture  =  20  tons  per  square  inch  ? 


Let  r  s  radius  of  the  section  of  bar. 
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From  equation  (8), 

M  =  -7854/^ 

The  weakest  part  of  the  bar,  or  the  point  where  the  maximum 
bending  moment  occurs,  is  at  the  point  of  application  of  the 
weight.     At  this  point 

M  =  35  inch-tons, 
consequently 

•7854/r8  =  35, 

•7854  X  20  X  r*  «  35,  or  r  =s  1-3  inches, 

which  gives  the  diameter  of  the  bar  «  2*6  inches. 

Example  15. — ^A  timber  bridge  crossing  a  rivulet  20  feet  wide 
is  supported  by  two  main  beams  of  ash  14  inches  square.  The 
dead  weight  of  the  bridge  is  4  tons.  What  is  the  maximum  safe 
concentrated  load  it  would  be  advisable  to  roll  across  the  centre 
of  the  bridge  % 

The  moment  of  rupture  for  ash  is  about  6  tons.  One-sixth  of 
this,  or  1  ton,  may  be  taken  as  a  safe  working  load,  so  that  if — 

W 

W  =  breaking  weight,  then  -x-  =  required  load. 

Dead  load  (distributed)  on  one  beam  »  2  tons. 

The  breaking  live  load  (concen- 1        W 
trated)  on  one  beam  j    °*  ~2* 

The  maximum  bending  moment  on  the  beam  occurs  at  its 
centre  when  W  rests  on  the  centre  of  the  bridge,  in  which  case 

M  =  60  +  30  W, 

M  being  expressed  in  inch-tons.     Moment  of  resistance  of  tho 
beam 

-•^  =  ^-^  =2.744  inch-tons, 
we  get,  therefore, 

60  +  30  W  «  2,744,  or  W  =  89-4  tons; 
and  required  safe  load 

^^^  14-9  tons. 
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Example  16. — A  hollow  tube  of  mild  steel,  12  inches  external, 
and  11  inches  internal  diameter,  is  placed  upon  two  supports 
15  feet  apart.  What  weight  placed  at  its  centre  will  cause  it 
to  collapse,  the  tube  being  properly  stiffened  ^ 

The  ultimate  strength  of  mild  steel  is  about  30  tons  per 
square  inch. 

/=30,        r-6,        ri  =  5-5,        ^=  180  inches. 

W  =  required  breaking  weight. 

The  maximum  bending  moment  is  M  =  45  W  inch-ton& 

Substituting  this  in  equation  (9)  we  have — 

45  W  -  ll?5i^{(6)*  -  (5-6)* }  =  1,496, 

or,  W  =  33-24  tons. 

The  breaking  weight  may  be  found  approximately  from 
equation  (10),  by  putting  <  =  -5  inch,  thus — 

45  W  =  3-1416  X  30  x(6)«x -5  =  1,696, 

or,  W  =  37 -7  tons. 

A  result  which  is  somewhat  greater  than  that  previously  found. 

Example  17. — ^What  must  be  the  thickness  of  a  wrought-iron 
tube,  12  inches  external  diameter,  and  properly  stiffened,  in  order 
to  carry  with  safety  a  load  of  5  tons  placed  centrally  between 
two  supports  8  feet  apart,  the  safe  working  load  of  the  iron 
being  taken  at  4  tons  per  square  inch  ? 

Maximum  bending  moment,  M  =  120  inch-tons. 

From  equation  (10)  we  get — 

'"^r7^"3-1416x4x(6)2^^*^^  ""^^ 

Example  18. — A  tube  of  cast  iron,  9  inches  square,  outside 
measurement^  and  ^  inch  thick,  rests  on  two  props  12  feet  apart. 
What  is  the  greatest  distributed  load  it  will  carry,  so  that  the 
maximum  stress  on  the  fibres  may  not  exceed  2  tons  per  square 
inch  9 

d=9,        (^  =  8,       /=2,        ^=144. 

Let  W  ^  required  distributed  load  in  tons. 

W^ 
llaxinHim  bending  moment,  M  «■  -^  » 18  W. 
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Substituting  this  in  equation  (12),  ve  obtain — 

or,  W  =  5-07  tons. 
The  result,  as  found  by  the  approximate  formula  (12a),  is — 

18W=|x2x(Vxl, 

or,  W  =  6  tons. 

Example  19. — In  the  last  example,  if  the  tube  be  of  wrought 
iron,  what  must  be  its  thickness  in  order  to  support  weights  of 
4  tons  and  6  tons  placed  at  distances  of  6  and  8  feet  respectively 
from  the  left  support,  without  producing  a  greater  stress  than 
•5  tons  to  the  square  inch  on  the  extreme  fibres  of  the  tube  ? 
/=  5,         (i  =  9,         « =  required  thickness  in  inches. 

The  maximum  bending  moment  occurs  at  all  sections  between 
the  points  of  application  of  the  weights,  and  its  value  is  M  =  288 
inch-tons. 

From  equation  (12a) — 

3     M 

Substituting  the  above  values,  we  get — 
.     3      288        ^  „  .     , 

EosampU  20. — A  wrought- iron  ri vetted  girder  of  H-section 
rests  on  two  abutments  placed  60  feet  apart,  and  is  uniformly 
loaded  with  1  ton  per  lineal  foot,  including  the  weight  of  the 
girder;  the  sectional  area  of  the  top  flange  =  11  inches,  and  that 
of  the  bottom  9  inches  net.  What  is  the  stress  per  square  inch 
on  the  flanges,  if  the  depth  of  the  girder  =  10  feet? 

W  =  60  tons,        I  =  60  feet,        d=lO  feet 
If  S  =  total  stress  on  either  flange,  from  equation  (19),  we  find — 
a     60x60     .-. 
^=-8710  =  *^  ^^^- 

45 
Stress  per  square  inch  on  top  flange  SYf^"^*^  ^^^ 

45 
Stress  per  square  inch  on  bottom  flange = -^  =  5  tons. 
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Examph  21. — A  steel  solid- web  girder,  60  feet  span  and  5  feet 
deep,  supports  a  distributed  load  of  |  ton  per  foot  and  two  con- 
centrated loads  of  5  tons  each,  placed  at  a  distance  of  5  feet  at 
each  side  of  the  centre.  Determine  the  maximum  stress  on  the 
flanges,  and  state  convenient  sections  for  the  top  and  bottom 
flaDges,  if  they  are  exposed  to  stresses  of  6  tons  and  7  tons 
respectively. 

The  maximum  bending  moment  occurs  at  the  centre  of  the 
girder. 

^^'*'^?."^kT°^*,*^*^°  *^'""  ^°' I  =234-375  foot-tons, 
the  distributed  load  J  ^ 

Bending  moment  at  the  centre  for  )  _  loo-O 

the  concentrated  loads  J  ~  '' 

Total  bending  moment  at  the  centre      ==  334*375         „ 

334-375 


Flange  stress  at  the  centre  of  girder = - 


-=66-87  tons, 


sq.  ins.y 


Gross  section  of  top  flange  at  centre  )      66-87     , ,  , . 
of  girder  ^         ^  }  =__=1114 

Ket    section    of   bottom    flange   at)      66*87     ^  ^^ 

centre  of  girder  / ^ ^"^^  ^-  »•«• 

The  following  sections  may  be  used — 

c    1  plate,  .        12  X  i  a  6     sq.  ins. 


Top  flange. 


2  angles, 


3x3x4:=  5-5 


Bottom  flange,    •     * 


Total  area  of  flange,  .     11-5       „ 

1  plate,      .        .      12x^j=  6-76     „ 

2  angles,    .        .    3x3x4=  5*5       „ 

12-25     „ 
Allowance  for  rivet-holes,    2*625   ,» 

9*625   „ 

These  sections  of  flanges  should  occur  for  at  least  15  feet  at 
the  centre  of  the  girder.  If  great  economy  be  desired,  the  flange 
plates  for  the  remainder  of  the  girder  may  be  made  -f^"  or  f  "^  in 
thickness.  Practically,  however,  there  is  not  much  gained  by 
this,  and  in  girders  of  this  section  it  will  generally  be  found 

12 
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advisable  to  continue  the  thicker  section  of  plate  to  the  ends  of 
the  girder.  Theoretically  the  flanges  for  a  considerable  distance 
towards  the  ends  would  be  strong  enough  with  the  angles  alone 
without  any  plate,  but  a  girder  of  this  kind  looks  unfinished) 
and  is  deficient  in  lateral  stiffness,  and  for  other  reasons  it  is 
not  advisable  to  dispense  with  the  plate. 

The  maximum  shearing  stress  on  the  web  occurs  at  the  edge 
of  each  abutment,  and  =  23*75  tons. 

If  the  maximum  shearing   stress  per  square  inch   of  gross 

sectional  area  be  taken  at  3  tons,  the  section  of  the  web  at  the 

23*75 
abutments  theoretically  should  be  — „ —  =  8  square  inches,  and 

as  the  depth  of  the  web  =  60  inches,  its  thickness  would  be 

^  =  '133  incL      In  solid  plate  web  girders  the  thickness  of 

the  web,  however,  is  seldom  taken  less  than  ^^  inch.  K  less 
than  this,  it  would  have  comparatively  little  stifthess,  and  would 
be  liable  to  bulge  with  compressive  stresses.  Even  at  this  and 
greater  thickness,  it  will  be  found  necessary  to  introduce  vertical 
fitiffeners  to  keep  the  web  straight  and  to  give  lateral  rigidity  to 
the  girder.  Another  objection  to  using  thin  webs  is  that  in  the 
course  of  time  their  strength  is  materially  affected  by  corrosion. 

Example  22. — In  the  last  example,  with  the  sections  of  flanges 
given,  what  extra  weight  placed  at  the  centre  of  the  girder  will 
break  it,  the  ultimate  tensile  strength  of  the  steel  being  32  tons, 
and  its  ultimate  compressive  strength  being  28  tons  per  square 
inch? 

The  top  flange  will  be  crushed  with  a  total  stress  of  11*5  x  28 
=  322  tons. 

The  bottom  flange  will  be  torn  with  a  total  stress  of  9*625  x  32 
=  308  tons. 

The  bottom  flange  theoretically  will,  therefore,  fail  before  the 
top  one  and  when  the  stress  at  the  centre  =  308  tons. 

We  have  seen  in  the  last  exan)ple  that  the  distributed  load 
and  two  concentrated  loads  produce  a  stress  of  66*87  tons  at  the 
centre  of  each  flange.  The  question,  therefore,  resolves  itself 
into  this — What  weight  placed  on  the  centre  of  the  girder  will 
produce  a  flange  stress  at  the  centre  equal  to  308-66*8  =  241*2 
tons? 

Let  W  =  required  weight  in  tons. 

Prom  the  well-known  equation  (18),  we  get — 

_     4rfS         ™     4x5x241*2     ^^  -  . 

W  =  — T— :  orW  = =7r =  96*5  tons. 

I  50 
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Example  23. — A  railway  bridge,  150  feet  span,  carrying  & 
double  line  of  rails,  is  supported  by  two  main  wrought-iron 
lattice  girders  15  feet  deep.  If  the  dead  weight  of  the  structure 
between  the  abutments »  400  tons  and  the  weight  of  each  train 
of  carriages  ==1 4  tons  per  foot,  what  must  be  the  sections  of  the 
booms  of  the  girders  at  their  centres,  allowing  a  fiustor  of  safety 
of  4  for  the  dead  load  and  5  for  the  live  load,  the  ultimate 
strength  of  the  iron  being  20  tons  per  square  inch  ? 

Total  dead  load  on  one  girder  =  200  tons  distributed. 
Total  live  load  on  one  girder  =  225  tons  distributed. 

Let  S  and  S^  represent  the  flange  stresses  produced  by  these 
loads  respectively  at  the  centre  of  the  girder. 

a     200  X 150     ^.^  ^ 
S=  -5 — =^— =  2o0  tons, 
8  X  15 

a      225  X 150     ^Q-  . 
S, «  — £5 — ^s—  =  281  tons. 
^        8  X  lo 

250 
The  dead  load  requires  ^^  =  50  square  inches  of  sectional 

area  at  the  centre  of  the  flange. 

281 
The  live  load  requires  -j-  =  70-25  square  inches. 

The  total  sectional  area  of  each  flange,  therefore,  at  the  centre 
of  the  girder  must  be  120-25  square  inches. 

If  the  stress  be  computed  on  the  net  sectional  area  of  the 
flange,  the  section  of  boom  given  in  flg.  83  would  be  a  suitable 
one  for  this  girder.  It  will  be  noticed 
that  it  is  arranged  for  a  box  girder,  the 
vertical  plates  being  for  the  purpose  of 
connecting  the  lattice  bars  to  the  booms. 
It  must  be  understood  that  the  lo  feet 
given  as  the  depth  of  the  girder  means  the 
distance  between  the  centres  of  gravity  of 
the  sections  of  the  booms,  the  actual  depth  Fig.  83. 

of  the  girder  being  somewhat  more  than  this. 

The  net  section  of  the  boom  may  be  computed  as  follows : — 


"V^^^l^  V     T 
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6  horizontal  plates  32"  x  J"=  96  sq.  ins.  \ 

2  vei-tical  plates  18"  x  f     =27       „ 
4  angles  4"  x  4"  x  f  =  18-4    „ 

141*4  total  gross  area. 
Allow  for  r  rivet-holes,  18-0 

123*4  total  net  area. 
This  allows  a  slight  margin  in  excess  of  the  area  required. 

EoLLED  Girders. 

Eolled  girders  are  made  of  wrought  iron  and  also  of  mild  steel; 
those  made  of  the  latter  material  being  much  stronger  and  not 
much  more  costly,  are  coming  very  much  into  favour. 

In  the  Table  (XXY.,  p.  186)  the  ultimate  tensile  strength  of 
the  wrought  iron  is  assumed  to  be  20  tons  per  square  inch,  and 
that  of  the  steel  30  tons.  The  moment  of  inertia  given  is  that 
taken  with  respect  to  a  horizontal  axis  passing  through  the 
centre  of  gravity  of  the  section,  and  as  the  top  and  bottom 
flanges  are  equal,  this  point  will  be  in  the  centre  of  the  web. 

In  order  to  explain  the  Table,  we  will  go  through  the  process 
of  calculating  the  moments  of  inertia  and  resistance,  and  the 
breaking  weight  for  No.  1  section. 

The  formula  for  the  moment  of  inertia  of  a  H-section  with 
equal  flanges  with  respect  to  an  axis  passing  through  its  centre 
of  gravity  and  parallel  to  the  flanges  is  (see  Chap.  IX.) — 

Applying  this  to  the  girder  under  consideration  we  have 

d  =  20,  d.  =  18*06, 

b  «    8*26,       b^  =      -76, 
so  that 

1=  ^  {8-26  (20)»-  7*5  (18*06)'}  =  1825*1  inch-units. 

Next,  to  find  the  moment  of  resistance  of  the  section  (fi). 

This  is  found  from  the  general  equation  fi,  =  j^  x  I;   and  as 

h=  10,  1  =  1,825,/  =  20  and  30  tons  for  wrought  iron  and  steel 
respectively,  by  substituting  these  valves,  we  get- 
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20 
Ik  (for  wrought  iron)=j^  x  1,825  =  3,650  inch-tons, 

30 
Ik  (for  steel)  "^vS^  \y^^^  =  5,475  inch-tona 

Lastly,  to  find  the  breaking  load  on  a  girder  of  1  foot  span. 
If  W  =  required  breaking  load  in  tons  distributed,  the  maximum 
bending  moment  of  the  girder  f 


^    Wxl2     3_.     -^ 
M  =  — - —  =  ji  W  inch-tons, 

o  A 

and  as  Mb /e^,  we  obtain — 

^  W  «  3,650,  or  W  =  2,433  tons  for  iron, 

3 

-  W  =  5,475,  or  W= 3,660  tons  for  steel. 

Knowing  the  breaking  load  for  a  span  of  one  foot,  the  breaking 
load  for  any  other  span  may  be  found  by  dividing  the  former 
load  by  the  span  in  feet. 

For  example,  the  breaking  load  of  the  girder  under  considera- 
tion for  a  span  of  20  feet  f 


2433 
Breaking  load  in  tons  =  ^^^tt—  =121*6  tons  for  iron  girder. 

„  19  Bs— -_=  182'5  tons  for  steel  girder. 

If  the  ends  of  the  girders  be  fixed  by  being  built  into  a  wall 
or  otherwise,  their  strengths  will  be  greater  than  those  given  by 
the  table.  The  amount  of  extra  strength  imparted  to  them  by 
thus  fixing  their  ends  altogether  depends  on  the  efficacy  with 
which  it  is  done.  If  the  ends  be  firmly  fixed,  their  strengths 
will  be  theoretically  doubled,  as  shown  in  the  chapter  on  bending 
moments.  Practically,  however,  this  is  rarely  the  case;  the 
ratio,  as  found  by  experiment,  between  beams  with  fixed  and 
unfixed  ends,  is  not  often  more  than  3  to  2,  and  this  is  only 
when  the  fixing  is  properly  done.  With  independent  girders 
(as  used  in  warehouses  for  supporting  walls  and  floors),  it  is 
always  best  to  ignore  this  addition  of  strength,  and  to  consider 
them  as  if  their  ends  were  entirely  free. 
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The  allowance  usually  made  for  the  load  on  floors  i 

Dwelling-houses,  .         ,       1 J  cwts.  per  square  foot. 
Public  buildings,  •         .       1^  „  „ 

Warehouses,  .         .       2^  to  3     „  „ 

Ewampk  24. — It  is  required  to  construct  a  floor  to  a  ware- 
house to  be  carried  by  steel-rolled  girders.  The  span  between 
the  side  walls  is  20  feet ;  the  main  girders  are  to  rest  on  these 
walls  and  to  be  placed  10  feet  apart.  On  these  girders  are  to 
rest  smaller  girders  running  transversely  with  them  and  placed 
3  feet  apart;  on  these  latter  a  4"  timber  floor  is  laid.  The 
greatest  live  load  estimated  to  come  on  the  floor  is  3  cwts.  per 
square  foot  distributed  over  its  surface.  Determine  suitahle 
sections  for  the  girders. 

Load  on  One  Main  Girder. 

4f  timber  planking,    .    r^ x  40  lbs.  =  1*2  tons. 

Estimated  weight  of  steel  in  girders         .     =  1*4    „ 
liveload,  .        .        .   20xl0x3cwt.=:30'0    „ 

Total  load,        ....       32'6--Bay  33  tons. 

The  working  load  on  each  main  girder  is,  therefore,  33  tons. 
The  breaking  load  =  4  x  33  =  132  tons. 

The  breaking  load  for  a  span  of  1  foot  =  132  x  20  =  2,640  tons. 
Referring  to  the  Table  we  find  the  nearest  section  which 
>corresponds  with  this  is  No.  2,  or  a  steel  joist  18"  x  7". 
Next  consider  the  cross-beams  : — 

Load  on  One  Cross-Bsah. 

4"  timber  planking,    .      -    ^^    *x401bfl.    =018  tons. 

Estimated  weight  of  beam,        .        .        .     =0'1      „ 
liveload,  ....      10x3x3 cwts.  =4*5      „ 

Total  load 4-78--say  5  tons. 

The  breaking  load  on  cross-girder  =  5  x  4  =  20  tons. 
The  breaking  load  for  a  span  of  1  foot  =  20  x  10  =  200  tons. 
By  referring  to  the  Table  we  find  a  suitable  girder  is  No.  11, 
^hich  weighs  16  lbs.  per  foot. 
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If  the  cro88-girder3  be  continuous  over  two  or  more  spans  their 
strength  is  increased  in  the  proportion  explained  in  the  chapter 
on  Bending  moments  (see  Arts.  96  to  98). 

Example  25. — ^A  rolled  iron  girder  of  No.  3  section  rests  on 
two  abutments  15  feet  apart.  Determine  (1)  what  weight  placed 
at  the  centre  will  break  it ;  (2)  what  weight  placed  5  feet  from 
one  abutment  will  break  it. 

(1)  From  the  Table  it  is  seen  that  the  distributed  breaking 

weight  in  tons =-y=—=  81-2  tons. 

81  "2 
The  central  weight,  therefore,  =— .—  =40*6  tons. 

(2)  In  the  second  case,  the  maximum  bending  moment  occurs 
at  the  point  of  application  of  the  weight. 

If  W  =  required  weight,  the  bending  moment =-o-W  foot- 
tons,  or  =  40  W  inch-tons.  This  must  be  equal  to  the  moment 
of  resistance  of  the  section,  or 

40  W=  1,827.     W=45-675ton8. 

Example  26. — In  the  last  example,  if  two  weights  of  10  and  15 
tons  be  placed  on  the  girder  at  two  points  18  inches  at  each  side 
of  the  centre,  what  is  the  maximum  tensile  or  compressive  stress 
per  square  inch  on  the  fibres  ? 

The  maximum  bending  moment  occurs  at  the  point  of  applicar 
tion  of  the  15  tons,  and  is  equal  to  78  foot-tons,  or  936  inch-tons. 

If /=  stress  in  tons  per  square  inch  on  the  flanges, 
h  =  half  the  depth  of  girder  =  8  inches, 
I  E=  moment  of  inertia  of  section  =  731. 

Then  from  equation  fi*  ^"^  x  I  we  get,  by  putting  t^  »  936, 

.    936x8     -^„.  . 
/=  -732—  =  10'24  tons. 

Example  27. — Two  rolled-steel  girders  placed  side  by  side,  span 
an  opening  of  16  feet.  They  are  required  to  support  a  brick 
wall  20  feet  high  and  1 1\  inches  in  thickness.  A  cross-beam  is 
also  suspended  from  their  centres,  which  imposes  on  them  an 
extra  weight  of  10  tons.  Determine  a  suitable  section  for  the 
girders. 

The  weight  of  a  cubic  foot  of  brickwork  is  about  100  lbs. 
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Total  weight  ofbrickwork  =  20  x  16  x  1-45  x  100Ibs.  =  20-7  tons. 
Estimated  weight  of  girders  between  abutments  =    1'3     „ 

Total  distributed  load  on  two  girders        .       =  22-0     „ 

Each  girder,  therefore,  is  loaded  with  a  distributed  weight  of 
11  tons,  and  a  concentrated  central  weight  of  5  tons.  The 
maximum  bending  moment  occurs  at  the  centre  of  the  girder, 
and  is  equal  to  42  foot-tons,  or  504  inch-tons. 

If  the  steel  be  strained  to  one-fourth  of  its  breaking  weighty 
the  moment  of  resistance  of  the  section  must  be  equal  to  four 
times  the  maximum  bending  moment,  or  =  504  x  4  =  2,016. 

In  looking  down  the  column  of  the  moments  of  resistance  in 
the  Table,  we  find  that  girders  4,  5,  and  6  give  results  nearest 
to  what  is  required,  and  as  No.  4  or  a  15"  x  5"  girder  is  th© 
lightest,  it  is  the  most  economical  to  use.  This  girder  will  give 
a  margin  of  strength,  as  the  estimated  weight  of  the  two  girders, 
or  1-3  tons,  is  considerably  in  excess  of  their  actual  weight. 

If  iron  girders  be  used  instead  of  steel,  it  will  be  necessary  to 
use  No.  2  section,  which  weighs  81  '6  lbs.  per  foot. 

If  the  girders  have  a  bearing  on  each  abutment  of  15  inches, 
we  have — 

Weight  of  steel  girders  =  37  x  50  =  1,850  lbs., 
Weight  of  iron  girders  =  37  x  81-6  =  3,019  lbs. 

148.  Approximate  Method  of  Galcnlating  the  Strength  of  Boiled 
Girders. — The  method  of  determining  the  strengths  of  rolled 
girders,  which  we  have  been  considering,  involves  the  determina- 
tion of  their  moments  of  inertia  and  resistance ;  the  calculation 
of  these  quantities  is  somewhat  tedious,  and  where  very  great 
accuracy  is  not  necessary,  a  shorter  and  much  simpler  rule  may 
be  adopted,  which  we  wUl  now  proceed  to  explain.  By  this  latter 
method  the  aid  which  the  web  supplies  in  resisting  the  horizontal 
stresses  is  left  out  of  consideration,  so  that  the  strength  of  the 
girder  as  thus  found  is  somewhat  less  than  its  real  strength. 
This  discrepancy  is  somewhat  modified  by  taking  as  the  efiective 
depth  of  the  girder  its  extreme  depth  over  all,  instead  of  the 
depth  between  the  centres  of  gravity  of  the  flanges. 

Let  S  =  horizontal  flange-stress  at  any  section  of  the  girder, 
M  =  bending  moment  at  the  section, 
(2= total  depth  of  the  girder. 

Then,  in  all  cases, 

a     ^ 
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We  have,  therefore,  the  following  approximate  rule  for  deter- 
mining the  flange-stress  at  any  portion  of  a  H-girder  with  a  thin 
web. 

The  Jlange-stress  at  amf  section  of  a  rolled  girder  is  equcd  to  the 
bending  moment  at  this  section,  divided  by  the  depth  of  the  girder. 

Applying  this  approximate  rule  to  example  26,  we  have — 

M  =  936,         (^=16. 

...  S  =  ^= 58-5  tons. 
Id 

And,  as  the  sectional  area  of  the  flange  ==  5  square  inches,  we 

58*5 
get  stress  per  square  inch  on  flanges  =  — =— =  11*7  tons,  instead  of 

10*24  tons  as  previously  found. 

Example  28. — What  must  be  the  distance  between  the  supports 
so  that  the  girder  No.  5  in  the  Table  will  break  by  its  own  weight 
— (1)  in  steel ;  (2)  in  iron? 

Let  I  =  required  span  in  feet. 

From  the  equation — 

q      W^ 

we  get 

(1)  In  the  case  of  steel  W  -53  Z  lbs.  Substituting  this  in  the 
above  equation^  we  get — 

^        53  ^ 

and  as  ei  =  14  inches  =  M6  feet  and  S  =  4-75  x  30  =  142-5  tons, 
or  319,200  pounds,  we  obtain — 

^      8  X  1-16  X  319,200 

^ 63  ' 

or  I  =  237  feet. 

(2)  In  the  case  of  iron  W  =  51-6  I  lbs.,  d  «  M6  feet 

S  «  4*75  X  20  »  950  tons  =  212,800  lbs. 
8  X  M6  X  212,800 


P 


51-5 
{  «  196  feet. 
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TABLK  XXV.— Strengths  of  Rolled  Gibdebs  in  Wbought  iBOif 
AND  Steel. 


No. 

1 

^ 

1 

o 

1 

go 

i. 

a  u 

1 

Weight  per 
foot  in  lU. 

l§ 

1% 

Moment  of 

Beslstanoe  of 

SecUon. 

Breaking  Loftd 

in  Tons  on  Span 

of  one  foot. 

1 

1 

1 

1 

1 

1 

1 

20-0 

8-26 

•76 

•97 

29-67 

97-2 

100 

1825 

3650 

5475 

2433 

3650 

2 

180 

7-10 

•71 

•94 

24-67 

81-6 

84 

1208 

•2673 

4010 

1782 

2673 

3 

16-0 

6-06 

•64 

•82 

19-15 

62-7 

64-5 

731 

1827 

2740 

1218 

1827 

4 

16-0 

506 

•60 

•80 

14-88 

48-6 

50 

510 

1360 

2040 

907 

1360 

5 

14-0 

5-87 

•50 

•81 

15-76 

51-5 

63 

494 

1413 

2120 

942 

1413 

6 

120 

6-23 

•73 

•87 

18-45 

60-2 

62 

404 

1347 

2021 

898 

1347 

7 

10  0 

6-16 

•66 

•70 

14-27 

46-7 

48 

221'6 

886 

1329 

691 

886 

8 

9-0 

3-75 

•50 

•50 

7^74 

25-3 

26 

890 

396 

594 

264 

396 

9 

8-0 

4-02 

•42 

•56 

7^4 

•24-3 

25 

74-2 

371 

556 

247 

371 

10 

7  0 

3-70 

•32 

•46 

5-36 

175 

18 

424 

242 

364 

162 

242 

11 

6-25 

3-38 

•26 

•50 

4-76 

156 

16 

31-2 

200 

299 

133 

200 

12 

6-0 

309 

•39 

•50 

506 

16^5 

17 

27-5 

184 

276 

122 

184 

13 

60 

4-35 

•36 

•58 

6-39 

20-9 

215 

26-4 

211 

317 

141 

211 

14 

40 

3-23 

•48 

•41 

4-16 

136 

14-0 

9-82 

98-2 

147 

65-5 

98-2 

15 

40 

1-87 

•37 

•35 

2-53 

8-3 

8-5 

6-6 

54-8 

82-2 

36-5 

54-8 

16 

3-5 

2-84 

•15 

•30 

2-68 

8-7 

9-0 

6-7 

651 

97-7 

30-3 

66-5 

17 

3-5 

1-60 

•28 

•30 

1-78 

5-8 

6-0 

3-04 

34-7 

62-1 

23-2 

34-7 

18 

30 

2-99 

•30 

•40 

3-05 

9-9 

10-2 

4-34 

57 '5 

86-8 

38-3 

67-8 

19 

30 

1-49 

40 

•25 

1-75 

6-8 

6-0 

1-94 

25-8 

38-8 

17-2 

25-9 

20 

30 

1-30 

•21 

•25 

1-19 

3-9 

4-0 

1-62 

20-3 

30-4 

13-5 

20-3 
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CHAPTER   XL 

COLUMNS  AND  LONG  STRUTS. 

149.  DefimtioiL — Columns  or  struts  are  members  of  a  structure, 
which  are  exposed  to  direct  compressive  stresses  acting  in  the 
<iirection  of  their  lengths.  They  may  be  employed  in  isolated 
positions,  without  being  connected  to  other  members  of  the 
structure,  as  in  the  case  of  ordinary  columns  supporting  the 
floor  of  a  warehouse,  or  they  may  form  parts  of  a  braced  struc- 
ture,  as,  for  example,  the  struts  of  a  lattice  girder. 

Theoretic  Strength  of  Columns. — The  laws  which  govern  the 
strengths  of  columns  may  be  investigated  theoretically,  on  purely 
mathematical  principles.  This  has  been  done  very  ably  and 
exhaustively  by  Euler,  Lagrange,  Poisson,  and  others,  and  the 
results  arrived  at  are  very  interesting  as  specimens  of  mathe- 
matical analysis,  though  it  cannot  be  said  that  in  all  cases  they 
are  confirmed  by  actual  experiments. 

This  theoretic  investigation  is,  to  a  large  extent,  founded  on 
certain  assumptions  regarding  the  elasticity  and  other  properties 
of  materials  which  are  true  only  to  a  limited  extent.  It,  more- 
over, requires  a  knowledge  on  the  part  of  the  student  of  advanced 
mathematics  which,  in  a  treatise  like  the  present,  would  be  al- 
together out  of  place.  For  these  reasons  it  will  not  be  given 
here,  and  those  who  are  desirous  of  studying  it  exhaustively 
4ire  referred  to  Euler's  work  or  to  Mr.  Fidler's  Treatise  on 
Bridges. 

Practical  Rules. — Theoretical  rules  as  applied  to  determine  the 
strength  of  structures,  though  very  valuable,  are  not  to  be  relied 
upon  unless  they  are  confirmed  by  the  tests  of  practical  experi- 
ence. « 

The  rules  for  determining  the  strength  of  columns  which  will 
be  given  here  are  altogether  empirical;  and  the  experiments 
from  which  they  are  deduced  have  been  very  numerous  and  con- 
ducted with  a  great  deal  of  care. 

It  is  to  the  late  Mr.  Hodgkinson  that  we  are  principally 
indebted  for  the  knowledge  we  possess  on  the  subject.  He  made 
exhaustive  experiments  on  pillars  of  cast  iron,  wrought  iron, 
steel,  and  timber,  of  different  lengths  and  sections,  from  which  it 
appears  that  so  far  as  the  design  of  a  column  is  concerned,  its 
strength  depends  mainly  on  two  considerations : — 
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1st.  On  the  proportion  which  the  length  of  the  column  bears 
to  its  shortest  diameter. 

2nd.  Upon  the  form  of,  and  the  method  of,  fixing  the  ends. 

As  regards  the  first  consideration,  columns  may  be  divided 
into  three  classes,  viz. : — 

Short  columns. 
Long  columns. 
Medium  columns. 

150.  Short  Columns  are  those  which  fail  by  the  actual  crush- 
ing of  the  material  of  which  they  are  composed.  The  relative 
proportion  of  the  length  to  the  least  diameter  of  columns  belong- 
ing to  this  class  varies  with  the  nature  of  the  material.  When 
made  of  cast  iron,  this  proportion  should  not  be  greater  than 
four  or  five  to  one.  For  wrought  iron  and  steel  the  proportion 
may  be  somewhat  greater,  while  for  timber  it  may  be  as  high  as 
ten  and  even  twelve  to  one. 


I.  Cast-Ibon  Columns 

151.  Long  Columns. — Mr.  Hodgkinson  applies  the  term  "  long 
column"  to  one  (when  made  of  cast  iron)  whose  length  is  at  least 
30  times  its  diameter,  both  ends  being  flat.  If  both  ends  be 
rounded  the  term  will  apply  to  those  whose  lengths  are  15 
diameters  and  upwards.  It  is  important  to  bear  this  distinction 
in  mind,  for,  as  will  presently  be  seen,  the  form  of  the  ends  of 
a  column  has  a  great  deal  to  do  with  its  strength. 

Long  columns,  unlike  short  ones,  do  not  fail  by  direct  com- 
pression, their  failure  being  produced  by  bending  or  cross  fracture, 
in  a  manner  very  similar  to  beams  acted  upon  by  a  transverse 
stress.  The  direct  breaking  weight  of  columns  of  this  class  is  far 
less  than  the  actual  crushing  strength  of  the  material  of  which 
they  are  composed.  Certain  rules  and  formulse  have  been  given . 
by  Hodgkinson,  Grordon,  and  others  for  determining  their  strength, 
which  will  be  given  later  on. 

152.  Columns  of  Medium  Length. — Columns  classified  under 
this  head  are  those  in  which  the  ratio  of  the  length  to  the 
diameter  is  a  mean  between  that  which  exists  in  short  and  long 
columns.  All  those  with  flat  and  square  ends  whose  lengths  are 
less  than  30  and  more  than  5  diameters ;  and  all  with  both  ends 
rounded  whose  lengths  are  less  than  15  diameters  belong  to  this 
class.  Columns  of  medium  length  fail  partly  by  flexure  and 
partly  by  crushing. 
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Figs.  84, 


Experiments  show  that  in  long  solid  columns  those  with  flat 
ends  are  approximately  three  times  as  strong  as  similar  ones 
with  rounded  ends,  and  also  that  the  strengths  of  those  with 
discs  cast  on  their  ends  are  nearly  the  same  as  those  of  the 
same  diameter  with  rounded  ends  but  only  half  the  length. 

The  strength  of  solid  cast-iron  columns  with  one  end  rounded 
and  the  other  flat  is  approximately  a  mean  between  those  of  the 
same  length  and  diameter  with  both  ends  flat  and  those  with 
both  ends  rounded,  so  that  the  strengths  of  these  three  classes 
are  in  the  proportion  1  :  2  : 3. 

These  rules  also  apply 
when  the  material  is  wrought 
iron,  steel,  or  timber. 

Figs.  84,  85,  and  86  re- 
present columns  of  these 
three  classes  whose  lengths 
and  diameters  are  the  same. 
Their  tendency  to  deflect 
will  be  in  the  manner  shown. 
The  breaking  weight  of 
85  is  twice  and  of  86  three 
times  that  of  84. 

153.  Position  of  Fracture  in  Long  Cast-iron  Columns.— From 
his  experiments  on  long  columns,  Mr.  Hodgkinson  found  that 
when  they  were  the  same  at  both  ends — that  is,  either  when 
both  ends  were  flat,  or  both  ends  rounded — fracture  took  place 
in  the  middle  of  the  column  or  near  to  it.  When  one  end  was 
flat  and  the  other  rounded  the  column  broke  at  some  point  near 
the  rounded  end,  the  piece  broken  ofl"  beiug  always  a  little  more 
than  one-third  of  the  whole  length. 

In  the  case  of  round  columns  of  solid  section  with  similar  ends 
and  which  always  broke  near  the  middle,  their  strengths  (as  was 
to  be  expected)  were  increased  by  increasing  the  diameter  at  the 
middle ;  the  increase  in  strength  being  about  one-seventh  more 
than  in  parallel  columns  of  the  same  weight ;  and  being  most 
marked  in  those  with  rounded  ends.  In  the  case  of  columns 
with  discs  cast  on  the  ends,  the  increase  of  strength  is  not  so 
great. 

The  strength  of  a  flat-ended  column  depends  a  good  deal  on 
the  manner  in  which  its  ends  are  fixed.  In  ordinary  practice 
such  columns  have  discs  cast  on  their  ends,  and  if  these  discs 
are  not  quite  level  and  square  with  its  length,  there  is  a  tendency 
for  the  load  to  be  transmitted  diagonally  or  unequally  along  the 
column.     In  order  to  prevent  this,  it  is  usually  the  custom  of 
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engineers  in  drawing  up  their  specifications  to  direct  that  the 
bases  and  tops  be  £^ed  in  the  lathe,  and  also  that  the  stones 
or  other  foundations  on  which  they  rest  be  dressed  off  level.  As 
an  additional  precaution,  it  is  often  specified  that  a  sheet  of  lead 
or  felt  be  inserted  between  the  base  of  the  column  and  the  stone 
on  which  it  rests. 

When  these  precautions  are  not  adopted,  liquid  oement  should 
be  run  in  between  the  base  and  the  top  of  the  stone  after  the 
column  has  been  fixed  truly  vertical  in  its  place ;  by  this  meanp 
all  crevices  are  filled  up,  and  when  the  cement  solidifies  it  if 
very  hard  and  durable.  Cases  have  come  under  the  author's 
observation  where  large  cast-iron  columns  carrying  heavy  loads 
have  not  only  fractured  the  stones  on  which  they  rested,  but  also 
had  their  own  bases  cracked  owing  to  unequal  bedding. 

154.  Rules  for  Determining  the  Strength  of  Long  Cast-iron 
Columns  either  Solid  or  Hollow,  and  Circular  in  Section. — In  the 
elaborate  theoretical  researches  of  Euler,  he  proceeded  on  the 
assumption  that  the  strength  of  a  column  was  proportional  to  its 
power  of  resisting  bending.  He  found  that  in  long  columns 
their  strengths  were  directly  proportional  to  the  fourth  power  of 
their  diameters  and  inversely  to  the  squares  of  their  lengths,  so 
that  if 

d  =  diameter  of  a  solid  column, 
Z=  length         „  „ 

d^ 
the  strength  will  vary  as  -«. 

In  the  same  way,  if  c?i,  d^  be  the  external  and  internal 
diameters  of  a  hollow  column  of  length  /,  its  strength  will  be 

proportional  to        n     ' 

The  correctness  of  this  conclusion  has  not  been  established  by 
the  experiments  of  Hodgkinson.  He  found  that  with  long  cast- 
iron  columns  whose  ends  were  flat  and  well  bedded,  their 
strengths  varied  directly  as  the  3-5th  power  of  their  diameter,  and 
inversely  as  the  l"63rd  power  of  their  lengths. 

Let  W  =  breaking  weight  of  the  column  in  tons, 
/  3=  length  of  the  column  in  feet, 
rf=  diameter  „  inches, 

m=a  coeflicient  which  varies  with  the  quality  of  the  iron.t 
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Hodgkinson's  formula  for  long  columns  of  solid  cylindrical 
section  ia — 

W=«>-^rfl8        •       •       •       (^)' 

For  hollow  cylindrical  columns  whose  external  and  internal 
diameters  are  d^  and  d^  respectively — 

^=»*-^  /m  •       •       •        (2)- 

From  a  number  of  experiments  on  columns  made  of  13 
different  kinds  of  cast  iron,  the  mean  values  of  m  were  found  to 
be  as  follows  : — 

(1)  For  solid  columns  with  flat  ends,     .  .  m=44*16. 

(2)  For  solid  columns  with  rounded  ends,  .  9n=  14  0. 

(3)  For  hollow  columns  with  flat  ends,  .  f7i=44'34. 

(4)  For  hollow  columns  with  rounded  ends,  .  m= 13*00. 

Substituting  these  values  of  m  in  equations  (1)  and  (2)  we  get 
the  following : — 

For  solid  columns  with  flat  ends,        .    W=44*16yp^     .        .  (3). 

For  solid  colunms  with  rounded  ends,     W=14'9 -jp^    .        .  (4.) 

For  hollow  columns  with  flat  ends,     .     W =44-34   ^'^'!^'"  .  (5). 

For  hollow  columns  with  rounded  ends,  W = 13  *  „^     -         .  (6). 

It  must  be  borne  in  mind  that  equations  (1)  and  (2)  apply  not 
only  to  columns  with  flat  ends  whose  lengths  exceed  30  diameters, 
but  also  to  columns  with  rounded  ends  whose  lengths  exceed 
15  diameters. 
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TABLE  XXVL— Thb  3"5th  powee  of  the  Diametkbs,  or  d**. 


10»» 
l-25»» 
l-6»« 
l-75»-3 

2-088 

2-2»» 
2-26»« 
2  3»» 

2-4»-5 

2585 

2-0»» 
2753  8 

2-8« 
2  9»'« 

31W 
3-2" 
3-25" 
3SW 

3-4W 
3l»< 

3-6»*  = 


100 
218 
413 
7-09 
11-31 
13-42 
15-79 
17-09 
18-45 
21-42 
24-70 
28-34 
34-49 
36-73 
41-53 
46-76 
52-45 
58-62 
61*88 
65  28 
72-47 
80-21 


3.73-8  . 
3-75»»  = 
3-8»'»  = 
3'9»»  = 
4-03^  = 
4.138  , 

4.28-6  s 

4-26»»: 
4-3«»  = 
4-4"  = 
4-63»  = 
4-6»»  = 
4.73-8  , 

4'75»«  = 
4-8»«  : 
4-9»»  : 
5-0»»  s 

5-l»»  : 

5-2»»  = 
5-25»'»  = 
5-3»«  = 
5-4"  = 
5-5»*  : 


:  97-43 
:  102  12 
:  106-96 
:  117-16 
:  128  00 
:  139-55 
:  151 -83 
=  158-26 
:  164-87 
=  178-68 
=  198-30 
:  208-76 
=225  08 
=233-58 
:242-29 
=260-43 
=279-51 
=299-67 
=320-63 
=331*56 
=342-74 
:  365 -91 
=390-18 


5-6»«  : 
5-7»-»  = 
5-75"  = 

6-8»»  : 
5-9»»  r 

6-0»»  = 

6-l»»  = 

6-23*  = 

6  25«  = 

6-3»»  = 

6-4»»  = 

6-5»»  = 

6-6»»  = 

6-7"  = 

6-75»^»  = 

6-8"  = 

6-9»«  s 

7-08»  : 

7-18 8  . 

7-2»"»  = 
7^5»8  = 
7.335  , 

7-4"  : 


:  415-58 
:  442-14 
:  455-87 
:  469-89 
:  498-86 
:  52909 
=  560-60 
'•  593-43 
:  610-35 

>  627-61 
:  663-18 
i  700-16 
:  738-59 
:  778-51 
:  79903 
:  819-94 
:  862-92 

>  907-49 
:  953-68 
:  1001 -53 
^1026  08 
:  1051 -07 
:  1102-33 


7-6»«  = 
7-628  = 
7-7"  = 
7-76»»  = 
7-8»«  = 
7-9*5  = 
8  0»»  = 
8-25"  = 
8  •68^*  = 
8-75»»  = 
9-03S  = 
9-258  «  = 
9-53»  = 
9-75"  = 

io-o»-»  = 

10-25»«  = 
10-5»«  = 
10-75"  = 
11 -O**  = 
11.258-8  = 
11-5"  = 
11-758*  = 
12-08-8  , 


=  1155-35 
=  1210-17 
a266-83 
.1295-85 
^325-35 
=  1385-78 
:  1448 -15 
1612-83 
: 1790-47 
'1981-66 
=2187-00 
2407-11 
2642-61 
:  2894-12 
=3162-28 
=3447  73 
=3761-13 
=407314 
=4414-43 
:4775-66 
:5157-54 
=5560-74 
^5985-96 
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TABLE  XXVII.— The  1-63bd  powbr  of  the  Lengths,  or  /i«. 


li«    =  1-00 

7i«  =23-85 

13*"=  65-42 

191-   =121-44 

2*«     =  309 

8i«=29-65 

141  "=  73-82 

20i«=  132-03 

2.5i«  =  4.45 

9i«  =36-92 

15i«=  82-61 

211" -142-96 

3»o    =  5-99 

10»«  =42-66 

I6*-«=  91-77 

22i«  =  164-22 

4i«     =  9-58 

11*  "=49-83 

171  "=101-30 

231-"  =166-81 

51-*    «1378 

12»-" =57-42 

18i«  =  111-20 

241-"  a  177-72 

61"     =  18-66 

Example  1. — ^What  is  the  breaking  weight  of  a  solid  cylin- 
drical column  of  cast  iron  whose  length  is  20  feet  and  diameter 

6  inches ;  the  ends  being  flat  and  well  bedded  ? 
From  equation  (3)  we  get,  by  substitution, 

W  =  4416  X  2^  =  4416  x  f|:|-176-9  tons. 

Example  2. — ^A  hollow  cylindrical  cast-iron  pillar  is  24  feet 
long,  and  its  external  and  internal  diameters  are  9  inches  and 

7  inches  respectively.     Calculate  its  breaking  weight,  its  ends 
being  flat  and  well  bedded. 

From  equation  (5) 

w     AA1A     9»^-7«*     ..  «.     2187-907-49     „,^.^ 
W  =  44-34  X     n.vA«    =44'34  x ,--  >.^ =319-4  tons. 


24i«8 


177-72 


Hodgkinson's  formuls  are  not  well  adapted  for  determining 
the  strengths  of  pillars  unless  we  have  a  table  of  3 '5th  and 
1  -63rd  powers.  In  case  such  a  table  is  not  at  hand  it  will  be 
necessary  to  have  recourse  to  a  table  of  logarithms. 

In  equation  (1),  if  W  and  I  be  known  d  may  be  found,  or  if 
W  and  d  be  known  I  may  be  found. 

By  transposing  the  members  of  the  equation  we  get — 


/I'M  3«  /  71-68 

d^'^^Y^.—^ord^^JW.  —. 
m  ^  m 

From  vhich  we  get 


,      ,    log  W  +  1-63  log  2  -  log  m 


CO- 


IS 
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By  meanB  of  this  eqaation  the  diameter  of  a  solid  cjlindrical 
column  may  be  found  wh^n  its  breaking  weight  and  length  are 
known.     In  the  same  way  it  may  be  shown  that 


l-6t 

I 


«  /       ds^ 


log^^^^^^^'^/.^g^--^"g^    .       .    (8), 

whioh  gives  'an  expression  for  the  length  of  a  solid  cylindrical 
pillar  whose  breaking  weight  and  diameter  are  known. 

Example  3. — ^What  will  be  the  diameter  of  a  solid  cylindrical 
cast-iron  pillar  10  feet  long  whose  breaking  weight  is  40  ton8» 
the  ends  being  flat  ? 

W«40.  log  W=:  1-6020. 

^-10.  log  10-1. 

m  =  44-16.        log  m  =  1  -6450. 

Substituting  these  values  in  equation  (7)  we  obtain— 

,       ,    log  40  +  1-63  log  10  -  log  44-16 
log  d 5 ^ 


3-6 

1-6020  +  1-63-1-6450 
3-6 
.'.  (2—2*8  inches. 


-0*4534 


Example  4 — ^A  solid  cast-iron  cylindrical  pillar  with  both  ends 
rounded,  and  whose  diameter  ia  3  inches,  fails  with  a  load  of 
5^  tons.    What  is  its  length  ) 

W= 5-5  tons.        log  5-5  =0-7403. 
d^Z.  log  3      -0-477L 

«ii«14-9.  log  14-9-1-1733. 

By  substitution  in  equation  (8)  we  get — 

log  i=i?8ii»±i4^±±8±5-1.2536; 

.-.2-19-5  feet 
The  external  and  internal  diameters  and  also  the  lengths  of 
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hollow  cylindrical  columns  may  be  found  by  transposing  the 
members  of  equation  (2).    Thus — 

d^«=rf«  +  W.^,or<?i=(d«  +  W^"     .    (9). 

1 

im.«(rf^«_d^«),or?=|^(<i^«-d,'«)}'*    (11). 

The  values  of  dy  d^  and  I  may  be  found  from  equations  (9), 
(10),  and  (11)  with  the  aid  of  a  table  of  logarithms. 

155.  Strength  of  Columns  of  Medium  Length.— A  column  of 
medium  length,  as  has  been  explained,  is  one  whose  length 
varies  between  5  and  30  times  its  diameter  when  applied  to 
those  with  flat  ends.  Columns  of  this  class  &il  partly  by  crush- 
ing and  partly  by  bending,  and  the  formulae  given  for  long 
columns  do  not  apply  to  them.  Mr.  Hodgkinson  has,  from  hia 
experiments,  deduced  the  following  formula  for  the  strength  of 


medium  pillars  :— 


^i-wrh    '     •     •     <^^^ 


Where  Wjaa  breaking  weight  of  the  medium  column  in  tons, 

W«  breaking  weight  in  tons  as  calculated  from  equa* 
tions  (1)  or  (2), 
cb  sectional  area  of  the  columns  multiplied   by  the* 
crushing  weight  of  the  materiaL 

Example  5. — ^What  is  the  breaking  weight  of  a  solid  column 
of  cast  iron  10  feet  long  and  7i  inches  in  diameter,  the  enda 
being  flat  and  well  bedded,  and  the  crushing  strength  of  the  iron 
being  40  tons  per  square  inch. 

From  equation  (3)  we  get — 

W-«16^-«I6xll|^..,,M»». 

This  would  be  the  breaking  weight  on  the  assumption  that 
the  column  failed  by  flexure  alone.  Sectional  are^  of  column. 
'■44-17  square  inches,  hence — 

c»44a7x  40  =  1766*8  tons. 
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By  substitution  in  equation  (12)  we  get — 
^      1196  X  1766-8     ^„^^ 
^1  ==   1196  +  1325  =  ^^^  ^""^^ 
which  is  the  required  breaking  weight. 

156.  Safe  Working  Load  on  Cast-iron  Golomns. — The  factor  of 
safety  to  be  used  for  columns  cannot  be  fixed  on  any  hard  and 
fast  lines  as  a  number  of  considerations  have  to  be  taken  into 
account.  Generally  speaking,  for  those  made  of  cast  iron  and 
exposed  to  steady  loads,  ^'th  of  the  breaking  weight  may  be  con- 
sidered as  a  safe  working  load,  provided  that  proper  precautions 
be  taken  to  make  the  column  bed  properly,  but  even  then  it  is 
not  often  advisable  to  load  them  to  a  greater  extent  than  y^th 
of  their  breaking  load. 

If  the  columns  be  exposed  to  loads  of  a  vibratory  character 
the  margin  of  safety  should  be  still  greater,  varying  from  Ath 
to  ^\yth  of  the  breaking  weight.  We  have,  therefore,  the  follow- 
ing rules  for  the  factor  of  safety  for  cast-iron  columns: — 

Ist.  For  steady  loads  the  &ctor  of  safety  should  vary  from 
6  to  10. 

2nd.  For  vibratory  loads  it  should  vary  from  12  to  20. 

Example  6. — What  is  the  safe  stationary  load  which  may  be 
applied  in  practice  to  a  hollow  cast-iron  column  (of  the  same 
quality  of  iron  as  in  example  5)  12  feet  long,  the  external  dia- 
meter being  8  inches  and  the  thickness  of  metal  being  1  inch, 
and  the  ends  well  bedded  ? 

di=^S  inches,         d^^S  inches,         Z  =  1 2  feet. 

From  equation  (5)  we  get — 

TTf     AAOA     8»*-6»«     ,,  «,     1448-15 -529-09     .^^  ^ 
W=44-34  X  -^^^ ^44-34  x g^^j^ ^709  tons. 

Sectional  area  of  column  =  22  square  inches, 
c«22x40»880tons. 

mi     ,.      ,.  .i_x«r      709x880     .-^^ 

The  breaking  weight  Wj  =  7097^30  =  ^^6  tons. 

The  safe  load  in  ordinary  practice  may  be  taken  as  ^th  of  this 
or  45-6  tons. 

157.  Proportions  of  Hollow  Cast-iron  Columns.  —  There  is  no 
rule  to  guide  us  in  determining  the  best  proportions  between 
the  lengths  and  diameters  of  columns;  several  considerations 
have  to  be  taken  into  account  in  fixing  this.     The  relative  pro- 
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portion  depends  mainly  on  the  load  which  has  to  be  carried. 
It  depends  also  on  the  space  which  the  column  takes  ap. 
Plenty  of  room  in  a  building  is  often  a  great  desideratum,  and 
when  so,  the  smaller  the  diameter  the  better.  There  is  also 
the  question  of  appearance  and  the  harmony  produced  by  com- 
paring the  column  with  its  surroundings. 

It  is  not  often  that  the  length  is  made  more  than  30  times  the 
diameter.  For  warehouses  and  buildings  in  general,  the  length 
varies  between  12  and  25  times  the  diameter.  Columns  for 
supporting  bridges  and  other  heavy  structures  are  often  of  a 
much  larger  proportionate  diameter,  it  sometimes  being  as  much 
as  one-sixth  of  the  length. 

As  regards  the  thickness  of  metal  in  hollow  columns  a  recog- 
nised practical  rule  is  that  in  no  case  should  the  thickness  be 
made  less  than  one-twelfth  of  the  diameter.  It  may  vary  be- 
tween this  and  one-sixth. 

General  Morin  recommends  the  following  rules  : — 

For  colnmnt  from  7  to  10  feet  long  the  mazimnm  thioknen  should  be  *5  in. 

„  10  to  18  „  „  „  -ein. 

„  13  to  20  „  „  „  -Sin. 

20  to  27  „  „  „  10  in. 

The  old  foundry  practice,  and  which  is  even  now  very  largely 
followed,  is  to  cast  pillars  in  a  horizontal  j>osition.  There  are 
objections  to  this,  as  it  is  not  often  easy  to  keep  the  core  central, 
which  leads  to  the  fiiult  of  getting  the  metal  thicker  on  one  side 
than  the  other.  When  this  happens  unequal  strains  are  produced 
in  the  body  of  the  casting  as  it  cools,  and  this  has  a  tendency  to 
make  the  column  crooked  and  may  even  produce  fracture. 

The  modem  ]>ractice,  and  much  the  better  one,  is  to  cast  the 
column  vertically  in  the  sand  with  a  head  of  metal  By  doing 
this  the  uniformity  in  the  thickness  of  the  metal  is  better  pre- 
served, while  the  pressure  from  the  head  of  metal  tends  to  drive 
out  air  and  gas  bubbles  which  make  the  casting  honeycombed. 

Mr.  Hodgkinson  remarks  that  "  In  experiments  upon  hollow 
pillars  it  is  frequently  found  that  the  metal  on  one  side  is  much 
thinner  than  on  the  other ;  but  this  does  not  produce  so  great  a 
diminution  in  the  strength  as  might  be  expected,  for  the  fiiinner 
part  of  the  casting  is  much  haraer  than  the  thicker,  and  this 
usually  becomes  the  compressed  side." 

It  is  a  common  practice  for  inspectors  of  ironwork  to  have 
small  holes  drilled  at  different  portions  of  the  column,  so  that 
its  thickness  may  be  gauged.  If  the  thickness  at  any  portion 
be  as  much  as  25  per  cent,  less  than  that  specified  the  casting 
should  be  rejected. 
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158.  Columns  of  +  and  H-Sections. — The  most  common  form  for 
<x>lumns  made  of  cast  iron  is  that  of  a  hollow  cylinder,  but  those 
of  the  +  and  H-sections  are  also  much  used.  The  H-section  is 
often  employed  in  mills  and  other  works,  not  because  of  its 
■appearance  or  strength,  but  for  the  reason  that  its  shai>e  readily 
lends  itself  for  the  fixing  of  brackets  for  shafting,  &c  An 
4ulyantage  which  both  this  and  the  cruciform  section  possess 
oyer  the  hollow  cylinder  is,  that  if  any  defects  occur  in  the 
<sasting  they  are  more  easily  discovered.  Columns  of  these 
sections,  for  the  same  weight,  are  not  nearly  so  strong  as  hollow 
•cylindrical  ones,  so  that  from  this  point  of  view  they  are  not  so 
economical  as  the  latter. 

Their  relative  strengths  are  as  follows : — 

Hollow  cylindrical  column,     .        .         .     100 
H-shaped  „  ...       75 

-|— shaped  „  ...       44 

The  relative  strengths  of  long  solid  pillars  of  round,  square, 
and  triangular  sections,  the  columns  being  of  the  same  weight 
and  length,  are : — 

Long  solid  round  columns,     .        .        .     100 
„         square        „  ...       93 

9,  triangular  „  .         .         .110 

159.  Gordon's  Rules  for  Columns.— The  various  formula  given 
l)y  Mr.  Hodgkinson,  though  very  valuable  and  reliable,  cannot 
be  said  to  be  in  a  form  easily  adapted  for  calculations,  and  for 
this  reason  will  never  become  popular  with  the  engineer. 
As  has  been  already  explained,  they  require  the  aid  of  a  table  of 
logarithms,  which  is  not  always  at  hand ;  besides,  it  makes  cal- 
cidations  a  laborious  matter.  For  this  reason  several  attempts 
have  been  made  to  embody  these  rules  in  forms  more  convenient 
for  calculation.  This  has  been  done  most  successfully  by  Mr. 
Lewis  Gordon,  whose  formula  we  will  now  give. 

Let  P  =  breaking  load  of  a  column  in  tons, 

S  s  number  of  square  inches  of  sectional  area  of  column, 
r= ratio  of  length  to  least  diameter, 
/and  as  constants  which  depend  on  the  material  and  the 
section  of  the  column ; 
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for  on>]qmnii  with  both  ends  flat  and  fixed; 

for  columns  rounded  or  jointed  at  ends. 
The  values  of  the  constants  are : — 
For  round,  solid,  or  hoUow  cast-iron  columns, 

/=36tons,        «-JoO' 
For  solid  and  hollow  rectangular  oolumns. 

The  student  will  find  it  a  profitable  exercise  to  calculate  the 
strengths  of  different  columns,  both  by  Hodgkinson's  and  Gordon's 
rules,  and  see  how  far  the  results  agree. 

Example  7. — Find  by  Gordon's  rule  the  breaking  weight  of 
the  column  in  example  (1). 

S  s  area  of  section  s  28*27  square  inches, 

Substituting  these  values  in  equation  (13),  and  putting  for 
/and  a  their  proper  values,  we  get — 

^    36x28-27 


l  +  (^ 
*^  400 


>  203-6  tons. 


The  breaking    weight    according    to    Hodgkinson's    rule  is 
177  tons,  which  shows  a  considerable  discrepancy. 

If  the  ends  are  imperfectly  fixed,   we  get   from  Gordon's 
formula  (14) — 

-,    36x28-27     _o^ 

^'*"'Ioo 

From  Hodgkinson's  rule — 

68*6 

Breaking  weight— 14-9  x  gg^^  =  59-7  tons. 
These  results  agree  rery  nearly. 
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Example  8. — Apply  Grordon's  formula  to  determine  ike  breakiiig 
weight  of  the  oolumn  given  in  example  2. 

S  =  J  {(9)«  -  (7)«}  -  25-13  square  inches. 
32. 


9 
From  equation  (13) — 

36  X  2513 

^^400 


^»  254  tons, 


as  against  319  tons  as  found  by  Hodgkinson's  rule. 

Example  9. — ^Apply  Gordon's  formula  to  find  the  diameter  of 
the  pillur  given  in  example  3. 

Let  d  s  required  diameter, 

120 
Then  S  = -7854  d«,        r=^ 

a 

P  =  40. 

Substituting  in  equation  (13)  we  get — 

^^36  X '7854  (jg    28-27  (f* 
*"""  (120)«  ^rf2  +  36* 

■*'400c^ 

28-27c^*-40ci«-l,440«0. 

Solving  this  quadratic  equation,  we  get — 

r*  =  7-9  inches, 
r=2-81  inches, 

which   agrees  very  nearly  with    the    diameter  as  found    by 
Hodgkinson's  rule. 

Example  10. — Find  the  length  of  the  pillar  in  example  4  by 
the  aid  of  Gordon's  rule. 

Let  I  s  required  length,        <f «  diameter. 

Substitnting  in  equation  (14)  we  get — 
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From  this  equation,  solving  for  /^  we  find — 

d     IJW^F 
'2\ 


h 


2'V     Pa    ' 
Putting  rf  =  3,        S  =  -7854  x  9  =  7068^ 

P  =  5.5,       /=.36,        a^^-J^, 

we  get  ;=  201-9  inches  =  16-8  feet, 

as  against  19*5  feet,  as  found  by  Hodgkinson's  rule. 

Example  1 1. — What  is  the  breaking  weight  of  a  solid  cast-iron 
pillar,  12  feet  long  and  4  inches  square;  the  ends  being  securely 
fixed  1 

Applying  equation  (13)  we  have  the  following  values  : — 

/=36.        8=16.        a=3^.        r=i**«36. 
Hence,  by  substitution,  we  get — 

■'"soo 

If  the  pillar  have  rounded  ends 
36x16 


^ 736^-50-6  tons. 

56r 


1.4x(?^ 


Example  12. — What  is  the  breaking  weight  of  a  solid  rect- 
angular cast-iron  pillar  10  feet  long,  its  section  being  3  inches 
by  2  inches,  and  ends  fixed  1 

120 
In  this  case  S  =  3x  2  =  6.         r=-g-  =  60. 

P--^J,2  =  26-3  tons. 
^  500 

Example  13. — ^A  solid  cast-iron  pillar  of  rectangular  section, 
4  inches  by  3  inches,  breaks  with  a  weight  of  60  tons  when  its 
ends  are  properly  fixed ;  determine  its  length. 

Let  Zs  required  length  ;  if  <i«=  least  diameter,  **  =  -> 
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From  equation  (13)  we  obtain — 

Putting  d=3,  8  =  4x3  =  12,  P  =  60,/=36,  a  =  ggg,weget— 
Z=  167-1  inches  =  13-9  feet. 


1 


TABLE  XXVUI.— Breaking  Wsioht  js  Toks  per  square  inch  of 
SouD  OR  Hollow  Gast-Iron  Coltticks,  the  Ends  bbino  securely 

FIXED. 


Oolomn 

in 
dJamoten 

Weight  in  loDB 

HODOKIKSOM. 

Breaking 
Weight  in  Tons 

OOBDON. 

Length 

Colamn 

in 
diameters 

Breaking 
Weight  in  Tone 

Breaking 
Weight  in  Tone 

GOBDO*. 

5 

... 

33-9 

19 

201 

19-0 

6 

... 

33  0 

20 

191 

18-0 

7 

... 

320 

21 

18-2 

17-1 

8 

... 

310 

22 

17-4 

16-3 

9 

... 

300 

23 

16-5 

15-5 

10 

331 

28-8 

24 

16-7 

14-6 

11 

31-8 

27-6 

25 

15-1 

141 

12 

29-6 

26-5 

26 

14*5 

13-4 

13 

28*0 

26-3 

27 

13-9 

12-8 

14 

26-6 

24-2 

28 

13-2 

121 

15 

25-0 

23-0 

29 

12-5 

11-6 

16 

23-7 

22-0 

30 

11-8 

11-0 

17 

22-5 

20-9 

33 

10-0 

9-7 

18 

21-8 

19-9 
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Example  14. — Whstt  must  be  the  section  of  a  square  column, 
15  feet  long,  so  as  just  to  fail  with  a  load  of  100  tons ;  its  ends 
being  fixed  ? 

If  c?=side  of  the  square  and  ^= length,  from  equation  (13)  we 
get— 

P=:j/-^,  or/(i*-Pc^2-Pa^=0. 

Bj  substituting  for/,  P,  a,  and  I,  their  proper  values,  ve  ge1>-* 

36  c?*- 100  (/2- 6,480  =  0, 
rf2= 14-88, 
c?=3-86  inches. 

160.  Banbdne's  Rules  for  the  Strength  of  Columns. — The  late 
Professor  Rankine  has  given  rules  for  calculating  the  strengths 
of  columns  and  struts  which  are  expressed  in  terms  of  the  least 
radius  of  gyration  of  the  section;  these  rules  are  of  the  greatest 
importance,  and  the  following  is  a  summary  taken  from  his 
Useful  Rvles  and  Tables: — 

Let  P  =  breaking  load  of  the  column, 
S  =  sectional  area      „  „ 

I  =  length  «  » 

r  =  least  radius  of  gyration  of  its  cross-section, 
/  and  c  «  coefficients  whose  value  depends  on  the  nature  of 
the  materiaL 

1st.  For  a  column  fixed  at  both  ends 

P--^     .        .        .        (15). 
1  +  -. 

2nd.  For  a  column  with  both  ends  rounded  or  jointed 

P---^     .        .        .        (16). 

3rd.  For  a  column  with  one  end  fixed  and  the  other  rounded 
or  jointed 


,      UP 
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The  following  are  the  values  of  the  constants/  and  e : — 

/ 

llM.  per  ■qoars  inch.  C 

Cast  iron,        .        .        .       80,000  3,200 

Wrought  iron,         .        .       36,000  36,000 

Dry  timber,    •         .         .         7,200  2,000 

Definition. — The  square  of  the  radius  of  gyration  of  a  surface 
about  a  given  axis  is  equal  to  the  moment  of  inertia  of  the 
sur&ce  about  the  axis  divided  by  its  area. 

Let  r  =  radius  of  gyration  of  the  surface, 
I  =  moment  of  inertia      „  „ 

A  —  area  of  the  surface. 
Then— 

*^      A' 

TABLE  XXUC—Valubs  of  r>  for  Differint  Forms  of 
Cross-Siction. 


FoBM  or  SscnoK. 

-i- 

Solid  aquare  side  =  &, 

SoUd  rectangle  least  side  =:  0, 

Rectangular  cell  breadths  b  and  &i,  depths  d  and  du  • 

Sqnare  cell  sides  b  and  &i, 

Solid  cylinder  diameter  •  <2, 

Hollow  cylinder  diameters  d  and  di,          •        •        • 
Angle  iron  of  equal  ribs,  breadth  of  each  =  b,    . 
Angle  iron  of  unequal  ribs,  greater  =  &,  less  s  A, 

12 
a« 
12 

bd^-bidx* 

12(6d-6id,) 

6«  +  6i« 

12 

d» 

16 

16 

24 

6«A» 

12(6«  +  /i«) 

II.  Wrought-Iron  Columns  and  Struts. 

Columns  made  of  wrought  iron  are  much  more  reliable  than 
those  made  of  cast  iron.  All  risk  of  flaws,  blow-holes,  shifting 
of  cores,  and  irregularity  in  section  are  avoided;  and  they  possess 
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the  further  advantage  (which  is  a  very  important  one  when  used 
in  buildings)  of  being  better  able  to  resist  the  attacks  of  fire. 

The  rules  which  regulate  their  strength  are  very  similar  to 
those  which  apply  to  cast-iron  columns. 

161.  Wroo^t-iron  Columns  of  Solid  Section. — The  strength  of 
solid  rectangular  columns  may  be  found  from  Gordon's  fonnulse 
by  giving  to  the  constants /and  a  the  following  values : — 

1 
/=  16  tons, 


3,000* 

Example  15. — What  is  the  breaking  weight  of  a  solid  pillar  of 
wrought  iron  20  feet  long  and  6  inches  square  f 

^  =  240,  rf  =  6,  S  =  36,  r  -  40. 

From  equation  (13) — 

"*"  3,000 
If  both  ends  are  rounded — 

"*"     3,000 

which  is  about  one-half  of  the  former. 

Example  16. — What  must  be  the  section  of  a  solid  square 
pillar  of  wrought  iron,  15  feet  long,  whose  breaking  weight  is 
50  tons ;  the  ends  being  fixed  ? 

Let  d  —  side  of  the  square  in  inches, 
S  =  <i«,  1=  180,  P  =  50. 

From  equation  (13) — 

50  =  -        ''"' 


*3,000       cP 


Bednoing,  we  get — 

Sd*-25d'=270;  d»=7-6,  or  d= 2-76  inches. 

ExamipU  17. — If  the  breaking  load  of  a  solid  rectangular 
wrought-iron  pillar,  10  feet  long  and  2  inches  in  thickness,  be 
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30  tons—What  will  be  the  width  of  the  pillar  if  its  ends  be 
imperfectly  fixed  1 

Let  X  =  required  width, 

S^2x,        ^=120,        r-60,        P  =  30. 

From  equation  (14),  we  get — 

30.     lg^2^ 

1  +  4     <^ 
*^**  3,000 

From  which  we  get 

ars5*4  inches. 

162.  Rankine'B  Rules  for  Wrought -iron  Columns.— Bankine's 
rules,  given  in  equations  (15),  (16),  and  (17),  may  be  applied  for 
determining  the  strengths  of  wrought-iron  columns  and  struts  of 
any  section,  by  giving  to  the  constants  the  following  yalues : — 

/=  36,000  lbs.,        c  =  36,000. 

These  rules  might  be  applied  to  solve  examples  15, 16,  and  17. 
For  example,  in  15  we  get — 

•^      12     ''• 

„_  36.000x36  _3^^.3^^ 


_(240)f_ 
36,000x3 


when  both  enda  are  fixed,  which  agrees  very  nearly  with  the 
reaolt  as  foand  by  Gtordrai's  fbrmaht. 
Whan  both  ends  are  nmnded 

--     ''''^^''     - 184-8  tona. 


1*4. -M^)* 


36,000  X  3 

When  one  end  is  fixed  and  the  other  rounded 
-3         36,000x36         ^^„^ 

^"— i6-J2^^ 
^'*"  9  '3,600x3 

This  latter  is  rather  more  than  a  mean  between  the  first  two. 

163.  Solid  Bound  Wrought-iron  Columns.— The  strengths  of 
solid  round  wrought-iron  columns  per  square  inch  of  section 
is  less  than  that  of  similar  solid  square  columns.  Bankine's 
formula  may  be  aj^lied  for  determining  these  strengtluk 
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Example  18. — ^What  is  the  breaking  weight  of  a  solid  round 
"vrronght-iron  column,  2  inches  in  diameter  and  7*5  feet  long  f 

1.  ^'hen  both  ends  are  fixed. 

2.  When  both  ends  are  jointed. 

3.  When  one  end  is  fixed  and  the  other  jointed. 

S=3U16,        r«-=^=i,        ^=90  inches. 

1.  By  substitution  in  equation  (15)  yre  get— 

p    36,000x31416    „,.^ 

m? — °°      ^^ 

36,000  xi 

2.  FroijEi  equation  (16)  we  get — 


-     36,000  X  3-1416     ,^^^ 

1+4     <^^> 

36,000  X  ] 
4 

3.  From  equation  (17)  we  have — 

^       36,000x31416       .^  .  ^ 
^^,     16         (9Q)«      -^^'^^^ 

36,000  X  i 

164.  Wrought -iron  Tubular  Columns — From  experiments 
made  by  Messrs.  Fairbaim  and  Olark  on  wrought-iron  tubular 
columns,  it  appears  that,  within  certain  limits,  their  strength  per 
square  inch  of  sectional  area  is  independent  of  their  length. 
For  columns  whose  length  does  not  exceed  30  times  the  least 
breadth,  the  failure  ti^es  place,  not  by  the  bending  of  the 
column  as  a  whole,  but  by  the  buckling  of  the  plates  in  short 
lengths.  This  buckling  of  course  would  not  have  taken  place  if 
the  plates  were  thick  or  properly  stiffened.  The  crushing 
strength  per  square  inch  of  a  long  tubular  column  depends 
mainly  on  two  considerations : — 

1.  On  its  diameter  or  least  breadth  compared  with  its  length, 

2.  On  the  thickness  of  the  plates  compared  with  its  diameter. 
Q«nerally  speaking,  as  appears  from  Table  XXX.,  the  unit 

strength  appears  to  be  greater,  the  thicker  the  plate  is  com- 
pared with  the  diameter  of  the  tube.  It  will  also  be  seen  from 
the  table,  that  in  most  cases  when  the  proportion  of  the  dia- 
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meter  to  the  thickness  of  the  sides  is  less  than  50,  the  breaking 
weight  per  square  inch  of  sectional  area  exceeds  10  tons,  though 
there  are  some  exceptions. 

TABLE  XXX.* — ExPEKiMBNTS  ox  Wrought-Ibox  Hollow 
Ctlindrical  Columns. 


Length. 

Diameter. 

Thickoess 

ot 

Plates. 

Sectional 
Area. 

Batio  or 
Length  to 
Diameter. 

Batio  of 
Diameter 
to  thick- 
ness  of 
Metal. 

Breaking 
Weight 

Breaking 

Weight  per 

M.in.or 

gecaon 

Feet 
10 

Inchen 
1-495 

Inch. 
•101 

Sq.  Ins. 
•444 

80 

16 

Ton*«. 
2-9 

Tons. 
6-56 

5 

W95 

•  a. 

... 

40 

15 

618 

13-92 

2-6 

•«• 

... 

... 

20 

16 

6-78 

15-27 

10 

1-964 

•104 

•61 

60 

18^8 

6-32 

10-36 

5 

... 

••• 

... 

30-6 

18^8 

907 

14-86 

2-5 

... 

... 

... 

163 

18-8 

10-07 

16-51 

10 

2-49 

•107 

•804 

47^8 

23-27 

10-69 

13-3 

5 

••• 

... 

•.. 

241 

... 

126 

15^7 

2-5 

... 

.•• 

... 

21-0 

... 

131 

16-29 

10 

2-35 

•242 

1605 

610 

97 

15-4 

9^ 

2-6 

2*38 

•246 

1-65 

126 

9-7 

24-4 

14-78 

10 

3-0 

•16 

136 

40-0 

20-0 

16  67 

1236 

7-6 

3-03 

•168 

1-41 

296 

18-0 

18-8 

13-3 

2-3 

3-0 

•153 

1-41 

93 

19-6 

23-6 

167 

10 

4-05 

•14 

170 

29-6 

29-0 

21^07 

12-34 

7-5 

4-05 

•121 

1-61 

22-2 

30^9 

24-0 

14-88 

10 

406 

•155 

1^9 

29-6 

261 

22^ 

1172 

10 

6-36 

•13 

2-54 

18^9 

49-0 

40-80 

16-06 

7-6 

6-36 

•13 

264 

141 

48^9 

47-87 

18-6 

•  JProe.  Inat,  C.E,,  toL 
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Example  19.— Apply  Rankine's  formula  to  determine  the 
breaking  weight  of  a  wrought-iron  hollow  cylindrical  column^ 
its  length  being  10  feet,  external  diameter  1\  inches,  and  thick- 
ness of  metal  J^th  inch  ;  the  ends  being  bedded  flat. 

In  Bankines  formula,  equation  (15),  we  have 

/=  16  tons,        c = 36,000,        S  =  -44, 

^=120  inches,        f^Jl^l^^l:^^(y2i6,        ^^=58,536. 

Substituting,  we  get 

^      16  X  -44       „^  ^ 

■*■  36,000 

which  nearly  agrees  with  the  result  found  by  experiment  as 
shown  in  the  Table. 

165.  Wrought-iron  Stmts  of  Angle,  Tee,  Channel,  and  Miscel- 
laneous Sections. —  Gordon's  formulae,  equations  (13)  and  (14), 
may  be  applied  to  calculate  the  strengths  of  wrought-iron  struts 
and  columns  of  angle,  tee,  channel,  and  cruciform  section,  by 
giving  certain  values  to  the  constants /and  a. 

Mr.  Unwin  recommends  the  following : — 

/=  19  tons,        «-^. 

The  diameter  to  be  used  for  such  sections  is  found  by  taking 
the  shortest  diameter  of  a  rectangle  or  triangle  circumscribing 
the  section. 

Example  20. — ^Apply  Gordon's  formula  to  determine  the  break- 
ing weight  of  a  wrought-iron  strut  of  angular  section  3  x  3  x  |, 
its  length  being  18  inches  and  ends  fixed. 

The  least  diameter  of  the  section  cfs2*12  inches. 

18 
Applying  formula  (13)  we  get,  putting  r  =  ^--s  =  8*5, 

^     19x211     „.,^ 

^'*"  906" 

Example  21. — If  the  angle  bar  in  the  last  example  be  used  as 
a  strut  in  a  lattice  girder  with  pin  connections  at  its  ends ;  what 
is  the  safe  stress  to  apply  to  it,  the  &ctor  of  safety  being  4  % 

14 
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In  this  case  we  most  use  equation  (14),  from  which  we  get  the 
Ixrealdiig  weight 

^     19  X  211      ^^  .  ^ 

Safe  load  =  ^=7-6  tons. 

Eocample  22. — ^The  diagonal  brace  of  a  Warren  girder  is  10  feet 
long  and  is  composed  of  two  tee  bars  6  x  3  x  )  placed  back  te 
back  and  rivetted  together.  What  is  the  maximum  compressive 
Avorking  stress  that  should  be  applied  to  it  when  the  ends  are 
firmly  rivetted  to  the  booms  ? 

Area  of  6  x  3  x  ^  T  =  4*25  square  inches, 

8  =£  2  X  4-25  «  8*5  square  inches, 

least  diameter  <£ = 6  inches,        Z  =  120  inches* 

By  Gordon's  formula  we  get  breaking  stress 

^     19  X  8-5      m  o  X 
^^ (20)2=  111"®  *o^ 

^'*'"960 
Adopting  a  &ctor  of  safety  of  4  we  get  the  working  stress 

111-8       O^OX 

«— i —  =  27-9tona 

4 

If  each  end  of  the  strut  be  connected  to  the  boom  by  a  single 
pin  we  must  use  equation  (14). 

-,       19  X  8-5       ^o  -  ^ 

"^      900 

or  safe  load  » 14*5  tons,  about  one-half  of  that  in  the  first  case. 

Example  23. — ^What  must  be  the  thickness  of  the  bars  in  a 
strut  similar  in  section  to  that  in  the  last  example,  if  the  length 
be  12  feet  and  the  maximum  working  stress  12*5  tons ;  the  ends 
being  connected  by  pins  1 

By  transposing  equation  (14)  we  get — 
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In  this  equation  we  have  the  following  values  : — 

1 


P  =  12-5x4  =  50  tons, 

^==144  inches, 
By  substitution 


■yoo' 


/» 19  tons, 


<2»=6  inches. 


'=I^{l  +  9S0(2*)'}-9-3 


I  square  inches. 

4-68  square 


Each  tee  bar  must,  therefore,  have  a  section  •■ 
inches,  or  the  required  thickness  »  0*55  inch. 

166.  Mr.  Christie's  Experiments. — Mr.  Christie  has  recently 
made,  in  America,  a  number  of  experiments  on  wrought-iron 
struts  of  angle,  tee,  and  channel  sections  with  the  ends  fixed  in 
four  different  ways. 

Ist.    With  loose  fiat  ends, 
2nd.  With  fixed  ends, 
3rd.   With  hinged  ends, 
4th.   With  rounded  ends. 
He  found  that  in  all  cases,  except  for  very  ^hort  lengths,  tho 
bars  bent  in  the  direction  of  the  least  radius  of  gyration. 
Table  XXXI.  gives  the  results  of  his  investigations. 

*  TABLE  XXXL— Average  Results  of  Mr.  Christie's  Tests  or 
Wrouout-Ibon  Struts  of  Angle  and  Tee  SsonoNs. 


Bfttasof 

Leofibto 

LeaRtBiidiui 

of  Oyntlon 

BsxAKnro  Wxiqbt  n  Foukdm  psb  Squabs  Incb. 

I 

r 

Flat  Ends. 

Fixed  EndB. 

Hinged  EndB. 

Bound  EndB. 

20 

46,000 

46,000 

46,000 

44,000 

40 

40,000 

40,000 

40,000 

36,600 

80 

32,000 

32,000 

31,500 

26,000 

100 

29,800 

30,000 

28,000 

20,500 

200 

14,500 

17,600 

10,800 

6,000 

300 

7,200 

9,000 

5,000 

2,800 

400 

3,000 

5^200 

2,600 

1,500 

480 

1,900 

... 

1,800 

*  Proe.  Inst,  C.E,^  voL  IxxviL,  p.  396. 
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III.  Stkel  Columns. 

167.  Steel  Colomns  of  Solid  Round  and  Rectangolar  Sections. — 
The  laws  which  govern  the  strength  of  steel  columns  are  very 
similar  to  those  which  apply  to  those  made  of  wrought  iron. 

A  good  deal  of  the  knowledge  which  we  possess  on  the 
strength  of  steel  columns  of  solid  section  is  due  to  the  investi- 
gations of  Mr.  B.  Baker,  who  recommends  the  following  values 
for  the  constants  in  Gordon's  formulae  : — 

Mild  steel    /  =  30  tons,  a  = 


Solid  round  pillars, 


Solid  rectangular 
pillars, 


1,400' 

_l' 
9CiO' 

Mild  steel    /  «  30  tons,  a  «       ^  ; 


Strong  steel/  =51  tons,  a 


Strong  steel/  =51  tons,  a  «  t-^qF)- 

168.  Steel  Columns  of  L  and  I-Section. — Mr.  Christie  gives  the 
following  table  of  the  average  strengths  of  steel  struts  of  angle 
and  tee  section,  for  different  ratios  of  length  to  radius  of  gyra- 
tion : — 

TABLE    XXXII.  —  AvKSAGE    Results   of   Me.    Christie's  Tests  of 
Steel  Struts  of  Akols  and  Tee  Seciion  ;  the  Ends  being  Flat. 


Batio 
I 
r 

fiBBAKIVa  WkIOHT  IK  POXJOTS 

PBK  Sqdakx  Imcb. 

Batio 

± 

r 

B&KAKiKO  Wkight  ut  Poin^DS 

PBB  ]£QUARB  IkCB. 

Mild  SteeL 

Hard  Steel. 

Mild  SteeL 

Hard  Steel. 

20 

72,000 

100,000 

180 

19,500 

23,800 

40 

46,000 

65,000 

200 

16,500 

20,000 

60 

41,000 

58,000 

220 

14,000 

16,900 

80 

38,000 

64,000 

240 

12,000 

14,000 

100 

35,000 

47,000 

260 

10,300 

11,800 

120 

31,500 

40,000 

280 

9,000 

10,200 

140 

27,000 

33,500 

300 

7,900 

9,000 

160 

23,000 

28,300 

Digitized  by 


Google 


STEEL   COLUMNS   OF   L   AND    I-SECTTION.  213 

Mr.  Pidler  {Bridge  Ctnutrtiction,  p.   180)  says  : — "  For  the 

most  ordinary  ratios  of  length  to  radius  of  gyration,  i.e.,  for  all 

ratios  greater  than  20  and  less  than  200,  the  results  of  Mr. 

Christie's  experiments,  as  given  in  his  own  tables,  would  be 

expressed   with  a  fair   degree   of   accuracy   by   the  following 

empirical  formulse : — 

T^.,,    ^    -              48,000 
Mild  steel  p= —j^ . 


1  + 


30,000  r2 


TT  «^    .    1               70,000 
Hard  steel  «  = j«— 

1  +  .     ' 


20,000  r2 
in  which  ra=  radius  of  gyration." 

Example  24. — ^What  is  the  breaking  weight  of  a  solid  rect- 
angular pillar  of  mild  cast  steel,  its  length  being  12  feet  and 
section  3  inches  by  2  inches ;  both  ends  being  securely  fixed  1 

/  «  30  tons,         a  =  «- .  777;,         8  =  3x2  =  6  square  inches, 

/=  144  inches,  least  diameter  d=2  inches. 

From  equation  (13),  we  get  breaking  weight — 

If  the  pillar  be  jointed  at  the  ends,  we  get  from  equation  (14)— 
30x6 


"1.4^^ 


=  19-2  tons. 


2,480 


Example  25. — What  is  the  safe  working  stress  on  a  round 
strut,  3  inches  diameter  and  8  feet  long,  made  of  mild  forged 
steel ;  both  ends  being  jointed  ) 

/  =  30  tons,       a  =  j-^^,      S  =  -7854 (3)*  =  70686  sq.  inches, 


I     96 
Z=  96  inches,        <i= 3  inches,        3="3"  ==  ^^' 
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From  equation  (14),  we  get  the  breaking  weight — 

^      30x7-0686     ^,  ^ 

,  =  54  tons. 


^  ^  *  ""  1,400 

If  the  load  be  a  steady  one,  the  safe  working  stress  will  be 

54 
(adopting  a  factor  of  safety  of  4)  —=  13*5  tons. 

If  it  be  attended  with  vibration,  the  working  stress  will  be 

54 

-^«  10-8  tons. 
5 


CHAPTER    XII. 

BEACBP  GIRDERS. 

BoLLMAN  Truss,  Trapezoidal  Truss,  Fink  Truss. 

169.  Braced  Girders  differ  from  ordinary  plate  girders,  mainly 
in  the  construction  of  their  webs.  In  the  latter  the  web  is  a 
continuous  plate  connecting  the  flanges  together,  while  in  the 
former  it  consists  of  a  number  of  bars  usually  termed  braces  or 
lattices.  These  braces  divide  the  girder  into  a  number  of  tri- 
angles or  trapeziums,  and  they  transmit  the  horizontal  stresses 
from  one  flange  to  the  other.  The  braces  are  exposed  to  direct 
stresses  in  the  direction  of  their  lengths,  either  of  compression 
or  tension ;  in  the  former  case  they  are  termed  stnUs^  and  in  the 
latter  ties, 

170.  Different  kinds  of  Braced  Girders. — Braced  girders  are 
divided  into  a  number  of  different  types,  many  of  which  are 
known  by  the  names  of  their  inventors.  Thus  we  have  the 
BoUman  Tru88,  the  Trapezoidal  Trues^  the  Fink  Truss,  the  Warren 
OirdeTf  the  LeUHee  Girder  ^  the  Bowstring  Girder^  <bc 

I.  BoifULAK  Truss. 

171.  Simple  Triangular  Trass  with  Single  Load  —  BoDman 
Trass.  —  The  simplest  form  of  braced  girder  is  the  triangular 
truss  shown  in  fig.  87,  and  is  sometimes  known  as  the  BoUman 
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truss.  It  consists  of  a  horizontal  member,  A  B,  and  two  inclined 
members,  A  C  and  B  C,  with  a 
vertical  oonnectinj;  member,  D  C. 
When  this  truss  rests  on  two  sup- 
ports or  abutments  at  its  extrem- 
ities A  and  B,  and  is  loaded  with 
a  weight,  P,  resting  at  the  point,  p^g.  37/ 

D,  the  stress  on  A  B  will  be  a 
constant  direct  compressive  one  throughout  its  length ;  so  also 
will  be  the  stress  on  the  vertical  member  D  C,  while  the  stresses 
on  A  C  and  C  B  will  be  tensila 

Let  2= span  or  distance  between  the  suppcnrts, 

0?  =  distance  of  D  from  the  leil  support, 

d  =  I>C  the  depth  of  the  truss. 
The  supporting  forces  at  A  and  B  wOl,  therefore,  be 

respeotivelyy  and  the  bending  moment  at  D  will  be 

and  the  horizontal  stress  on  A  B  will  be 

S--P^      •        •        •        (!)• 

This  expression  is  also  equal  to  the  horizontal  component  of 
the  stresses  on  A  0  and  B  C ;  we  have,  therefore, 


SAo=S^,x-^^=P-^..i£_j .        (2). 

a.   -8      ,BC        «;(?-»).   J(l-xY  +  d*  3. 

S,0-BABXg^-P— j^       —j^ •  W 

The  stress  on  D  0  is  evidently  equal  to  the  vertical  force  P, 
or  Sdo^P. 

If  the  point  D  be  midway  between  A  and  B,  we  get — 
I         _        P^ 

P 
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The  above  is  the  analytical  method  of  determining  the  stresses 
in  a  truss  of  this  kind. 

In  nearly  all  braced  girders  the  stresses  may  be  got  more 
readily  by  a  stress-diagram,  which  for  the  case 
under  consideration  is  constructed  as  follows: — 
Take  a  vertical  line,  a  b  (fig.  88),  equal  to  the 
weight  P  on  any  scale  of  forces ;  draw  a  o  par- 
allel to  A  C  and  b  o  parallel  to  B  C ;  these  lines 
meet  at  o.  Through  o  draw  o  c  parallel  to  A  B. 
Fig.  88»  Fig.  88  will  be  a  complete  stress  diagram  of 

the  truss. 

a  c»  upward  reaction  at  A^ 
bc^ upward  reaction  at  R 

By  measuring  these  lines  on  the  adopted  scale  we  find  at  once 
all  the  stresses  required. 

Example  1. — A  trussed  girder,  similar  to  that  shown  in  fig.  87, 
is  divided  into  two  panels,  A  D  and  B  D,  of  16  feet  and  8  feet 
respectively,  and  the  depth  D  C  =  4  feet  Find  the  supporting 
forces  and  the  stresses  on  the  different  members  when  a  load  of 
3  tons  rests  at  the  point  D. 

(a.)  ArudyticcU  SohUum, — 

3x8 
Reaction  of  abutment  at  A  =  -^rj~  =  1  ton. 

T»    3x16    „^ 

1  /»         ft 

From  equation  (1)  +  Sab""3  .  ^r — j  =  4  tons. 


(3)  -  Sbo«4  .  ^^^^^5^22  =  4-47  tons. 


+  Sdo»=3  tons. 

fb.)  Oraphie  SdtUion. — In  fig.  88  draw  the  vertical  line  a  b 
■B  3  tons  by  scale.  Through  its  extremities  a  and  b  draw  a  o, 
b  0  parallel  to  A  0  and  B  0  respectively.  Through  their  point 
of  intersection,  o,  draw  o  o  parallel  to  A  B. 
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We  find  by  scaling — 

aft  — S,>o=  +3  tons, 

oa  =  S^c=  -4-12  tons, 
o6  =  Sbc=  -4:'47  tons, 

which  agree  with  the  results  as  found  by  analysis. 

172.  Bellman  Trass  with  Distributed  Load.— If  the  load  P, 
coming  on  the  truss,  instead  of  being  concentrated  over  the 
vertical  strut,  be  evenly  distributed  along  the  top  member,  A  B, 
the  stresses  on  the  various  members  of  the  truss  will  be  different 
to  those  previously  found.     In  such  case 

p 

the  reactions  at  the  abutments  will  each  =  ^. 

p 

the  thrust  on  the  vertical  member  will  =  ^, 

and  the  direct  stresses  on  the  other  members  will  be  exactly  one- 
half  of  those  produced  when  the  load  is  a  concentrated  one.  It 
must  be  noticed,  however,  that  the  stress  on  the  top  member, 
A  B,  is  not  a  purely  direct  compressive  one ;  as,  in  addition  to 
the  direct  thrust,  there  are  bending  stresses  produced.  In  fact, 
A  B  partakes  somewhat  of  the  nature  of  a  beam  continuous  over 
two  spans,  the  central  support  being  D  C. 

Trusses  of  this  simple  pattern  do  not  conveniently  lend  them- 
selves for  canying  distributed  loads,  but  are  more  suited  for 
supporting  a  single  load  resting  directly  over  the  vertical  strut 

If  the  truss  shown  in  ^Lg,  87  be  inverted  as  shown  in  fig.  89, 
the  load  should  be  applied  at  D,  the  foot  of  the  vertical  member* 
If  applied  at  the  top,  the  load,  or  part 
of  it,  would  travel  down  C  D  and  pro- 
duce a  bending  stress  on  the  horizontal 
member,  which  is  not  desirable.     If, 
instead  of  doing  this,  the  load  be  trans- 
mitted  eniirdy  through   the   inclined  Fig.  89. 
members  A  C  and   B  C,   then  there 

would  be  no  need  of  the  vertical  member.  With  the  load  rest- 
ing at  D,  the  method  of  calculating  the  stresses  is  the  same  as 
that  given  for  truss,  %.  87,  but  the  character  of  the  stresses  will 
be  different.  Those  in  A  B  and  C  D  being  tensile,  while  those 
in  A  0  and  C  B  will  be  compressive,  just  the  reverse  of  the 
former  < 
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173.  BollmoQ  Trass  of  Three  Divisions. — Fig.  90  is  a  develop- 
ment of  the  truss  we  have  been  considering;   the  horizontal 

member  is  divided  into  three  eqnal 
o,         o^         B        parts,  and  two  separate  and  distinct 
triangular  trusses,  A  C  B,  A  D  B,  are 
"d^      "        formed,  the  member  A  B  being  com- 
Yia,  90.  ^^^^  ^^  both.     If  the  truss  support  a 

uniformly  distributed  load,  P,  on 
•each  of  the-  three  panels  into  which  it  is  divided,  it  will  be 
equivalent  to  two  concentrated  loads,  each  equal  to  P,  resting 
on  the  points  0^  and  D,,  and  the  supporting  force 
at  each  abutment,  neglecting  that  which  comes 
directly  on  it  will  be  equal  to  P. 

If  each  triangular  truss,  A  C  B,  A  D  B,  be 
considered  separately  and  independently,   the 
stresses  on  the  different  members  may  be  found 
Fig.  91.  exactly   in  the   manner  described  for  fig.  87.  . 

TThe  total  stress  on  A  B  will  be  equal  to  the 
sum  of  the  two  stresses  on  this  member  as  found  from  each 
separate  load. 

174.  Bollman  Trass  of  any  Number  of  Panels It  is  not  a 

difficult  investigation  to  find  a  general  formula  for  determining 
the  total  stress  on  the  horizontal  member  of  a  Bollman  truss  of 
«ny  number  of  equal  panels  when  loaded  uniformly. 

Let  n  =  number  of  equal  panels  in  truss, 
P  =  weight  on  each  panel, 
d  =  depth  of  the  truss, 
^=span  of  truss, 
p  =  intensity  of  distributed  load. 

We  bav«  seen  from  equation  (1)  that  the  horizontal  stress  on 
the  top  member  arising  from  one  weight,  P,  at  a  distance,  a;,  from 

the  abutment  is  =  P  .  a;  -^  . 

Putting  «  =  -,  and  P  =^ 
n  n 

by  substitution  we  get — 

The  horizontal  stress  on  A  B  from  one  weight  =jp  P  ~8^' 
As  there  are  {n  - 1)  weights,  we  get — 
Total  stress  on  horiz.  member «  2p^.     3  ■  =^  .  -g— j-  •     (*)• 
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nth  two  panels  n=2, 

„    three 

n=3. 

S^"=27    ~d- 

„    four 

n=4, 

Q          6    pi" 

.    five 

n=6. 

Q                   *       PP 

„    «ix 

i.=6, 

_35  pP 

„    seven 

n=7. 

^^"-S  IT- 

„    eight 

i 

n=8, 

Q          21   ^ 

„  infinite 

n=«, 

8^"=  6    -d- 

It  will  be  seen,  therefore,  that  no  matter  what  the  number  of 

panels,  the  horizontal  stress  on  the  top  member  varies  between 

1  pP^  1  pP 

g  ^  and  g  ^  when  it  is  loaded  with  a  uniformly  distributed 

load  ofp  per  unit  of  length. 

Example  2. — ^A  Bollman  truss  of  three  panels  is  24  feet  span 
and  4  feet  deep,  and  is  loaded  uniformly  with  ^  ton  per  foot. 
What  is  the  stress  on  each  member? 

7 
Total  distributed  load  on  truss  =  24  x  ^  =  21  tons. 

o 

This  is  equivalent  to  7  tons  on  each  panel,  or  to  two  loads  of 
7  tons  each  resting  on  the  points  C^  and  D^,  fig.  90.  The  com- 
pressive stresses  on  O  C^  and  D  D^  are,  therefore,  each  equal  to 
7  tons. 

Graphde  Soluiion. — Consider  the  triangular  truss  A  0  B  by 
itself  j  this  supports  a  load  of  7  tons,  acting  at  C^.  Draw  the 
vertical  line,  a  b  (fig.  91)  =  7  tons.  Through  its  extremities 
draw  aOyho^  parallel  to  A  C  and  B  0  respectively.  Through  o 
draw  o  e  parallel  to  A  B.    We  have,  therefore,  by  scaling — 

S^o=»o=  -10-4  tons, 
Bbo  =  ^o=  -9-6  tons, 
Sab  =  <J  <>  =  +9*3  tons. 
By  considering  the  triangle  A  D  B  we  get  similar  results, 
namely : — 

B^D--9-6tona,      8bd= -10-4  tons,      S^,  =  + 9-3  tons. 
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The  total  stress  on  A  B  will,  therefore,  be  9*3  +  9*3  =  186  tons. 
The  result  may  be  chocked  algebraically  from  equation  (4)  by 
putting — 

n=r3,    p^l,    ^  =  24,    d^i. 


"8' 

We  then  get  from  equation  (4) — 
7     (24)«     (3)2-1 
^"8        4        6x(3)2 


S. 


=  18*66  tons. 


Example  3. — A  railway  bridge,  60  feet  span,  carrying  a  single 
line  of  railway,  is  supported  by  two  Bollman  trusses  10  feet 
deep;  each  being  divided  into  six  equal  panels.  If  the  dead 
weight  of  the  structure  be  120  tons,  and  the  rolling  load  of  a 
train  of  carriages  be  equal  to  1^  tons  per  foot,  determine  the 
stresses  on  the  various  members  of  the  truss. 

We  have— Dead  load     .         .         .         =120  tons. 
Live  load  =  60xlj      .         =   90    „ 

Total  load  on  bridge         =  210    „ 
„  each  truss  ^  105     „ 

This  is  equivalent  to  17*5  tons  resting  on  each  panel,  and  as 
the  load  is  transmitted  to  the  main  trusses  by  five  cross  girders, 
the  actual  load  on  each  truss  =  17*5  x  5  =  87*5,  the  difference 
between  this  and  105  tons  being  17*5  tons,  which  is  carried  directly 
by  the  abutments,  and  does  not  affect  the  stresses  on  the  truss. 

Fig.  92  represents  a  skeleton  sketch  of  one  of  the  trusses 
drawn  to  scale.  Loads  of  17*5  tons  rest  on  each  of  the  points 
Oj,  D|,  Ep  Fj,  and  G^,  and  it  is  evident  that  the  stress  on  each 
of  the  five  vertical  members  00^,  DD^,  EEi,  F  Fj,  GGi  is 
+  17*5  tons.  The  readiest  method  of  finding  the  stresses  on  the 
other  members  is  by  the  aid  of  the  resolution  of  forces.  Con- 
sider the  triangular  truss  ABC;  this  is  a  complete  truss  in 
itself,  and  is  loaded  with  a  weight  of  17*5  tons  acting  at  C^. 

This  weight  passes  unaltered 
down  Cj  0,  producing  in  this 
member  a  thrust  of  17*5  tons. 
At  the  point  0  there  are, 
therefore,  three  forces  acting 
— viz.,  the  compressive  stress 
on  Cj  C  and  the  tensile 
Fig.  92.  stresses  on  A  0  and  B  C.     As 

one  of  these  stresses — namely, 
that  on  C,  0 — is  known,  the  other  two  may  be  found  by  the 
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resolution  of  forces,  as  explained  in  Art.  GO.  Draw,  there- 
fore, to  any  scale  the  vertical  line  Cc  =  17-5  tons.  Through  c 
draw  c  c^  parallel  to  A  C,  and  meeting  B  C  produced  at  c^.  We 
have,  then,  by  scaling — 

e  e-^  =  tensile  stress  on  A  C  =  -  20*62  tons. 
C  Cj  =  tensile  stress  on  B  C  =  -  14*87  tons. 

In  the  same  manner  we  may  consider  the  other  triangular 
trusses.  Each  is  loaded  with  a  weight  of  17*5  tons,  and  by 
proceeding  exactly  on  the  same  lines  as  just  explained  we  have 
the  following  results  : — 

For  truss  A  D  B— 

d di  B tensile  atress  on  A  D=  - 26*06  tons, 
Ddi=  „  DB= -24*03    „ 

D<2  =compre88ive  „  DiD=  +  17*5      „ 

For  truss  A  EB— 

E  e  =  compressive  stress  on  £i  £=  + 17'5  tons, 
Ec|=teii8ae  „        AE= -27*67,, 

eei=  „  „        BE=. -27-67,, 

The  stresses  on  the  members  of  the  triangular  trusses  A  F  B 
and  A  G  B  will  be  exactly  the  same  as  those  on  A  D  B  and 
ACB. 

The  horizontal  line,  c^  c^  represents  the  horizontal  stress  on 
the  member  A  B  arising  from  the  load  at  0^.     Also — 

dj^  d^  =  compressive  stress  on  A  B  arising  from  the  load  at  D^. 

*1  ^2  ~  »»  >»  >»  ""^l" 

And  as  the  stresses  on  A  B  from  the  loads  at  F,  and  Gi  are 
respectively  equal  to  those  from  the  loads  on  Dj  ana  C^  we  nave 
the  following  result : — 

Total  compressive  stress  on  A  B — 

=  2  (ci  Cg + c^i  <£j)  +  Ci  «j  =  2  (14-67  +  23-305)  +  26-25  =  102  tons. 

This  result  may  be  checked  from  equation  (4) — 

;?  =  If  tons  per  foot,     I «  60  feet,     d=\0  feet,    n  ==  6. 

Substituting  we  get — 

fl.              Ai>     1-75  (60)«     35      ,^^-^ 
Stress  on  A  B= .q    '  x  ^rg  =  102-1  tons, 

which  agrees  with  the  result  previously  found. 
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175.  Defects  of  the  Bollman  Trass.— The  Bolhnan  trass  has 
one  serious  drawback  which  becomes  very  noticeable  in  large 
spans. 

It  will  be  seen  that  the  two  ties  supporting  any  one  of  the 
vertical  struts  except  the  central  one  are  of  unequal  length; 
consequently  any  expansion  which  may  take  place,  whether  it 
arise  from  the  strain  on  the  bars,  or  an  increase  of  temperature, 
affects  their  lengths  unequally ;  the  long  bar  naturally  extending 
more  than  the  short  one.  This  tends  to  throw  the  verticfld 
struts  out  of  the  perpendicular  and  to  introduce  secondary 
stresses  into  the  structure. 

This  defect  does  not  exist  in  other  trusses,  such  as  the  Fink 
truss  for  example,  which  latter  is  superior  to  the  Bollman. 


II.  Trapezoidal  Truss. 

176.  Trapezoidal  Truss. — Another  simple  form  of  truss  is  that 
in  which  the  constituent  trusses  are  trapezoids  instead  of  tri- 
angles, examples  of  which  are  shown  in  figs.  93  and  94. 

In  fig.  93  the  longer  horizontal  member  is  uppermost,  and  is 
divided  into  an  odd  number  (five)  of  equal  panels,  and  the  truss 
consists  of  the  two  trapezoidal  trusses  A  C  D  B  and  A  E  F  B. 

pi      ^'       f^       P'      A  o     E       Q      F      D 


^^U44^''      ,^T^r 


Fig.  93.  Fig.  94. 

In  fig.  94  the  shorter  horizontal  member  is  uppermost,  and  the 
truss  is  divided  into  an  even  number  (six)  of  equal  panels,  and 
consists  of  the  two  trapezoidal  trusses  A  0  D  B  and  A  E  F  B, 
and  the  triangular  truss  A  G  B. 

In  all  trusses  of  this  kind  with  an  even  number  of  bays  there 
will  be  one  triangular  truss. 

In  fig.  93  the  load  is  placed  on  the  top  of  the  truss,  and  the 
top  member  A  B  and  also  the  vertical  members  will  be  in  com- 
pression ;  while  the  bottom  member  C  D,  as  well  as  the  inclined 
members,  will  be  subject  to  tensile  stresses.  In  the  truss  repre- 
sented in  fig.  94  the  load  will  be  applied  at  the  bottom,  and,  as 
before,  the  top  and  bottom  members  will  be  exposed  to  com- 
pressive and  tensile  stresses  respectively.  The  vertical  members 
will  be  in  tension,  and  the  inclined  members  will  all  be  in  com- 
pression. 
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The  form  of  truss  shown  in  fig.  93,  or  that  with  the  longer 
horizontal  member  uppermost,  is  much  superior  to  the  other,  on 
account  of  the  diagonal  members  being  in  tension.  When  these 
members  are  in  compression  they  require  a  good  deal  of  extra 
metal,  on  account  of  their  length,  to  prevent  their  buckling. 

177.  Trapezoidal  Truss  of  any  number  of  Panels. — 

Let  n  =  number  of  equal  panels  in  truss, 
c^= depth  of  truss, 
I  -  span  of  truss, 

p  =  intensity  of  distributed  load  (say  in  tons  per  foot), 
P  =  total  load  on  each  panel. 

p  =  ^. 

n 

(a.)  If  the  number  of  bays  be  even,  there  will  be  a  central 
triangle,  and 

S.,  =  f5     .        .        .        ,      (5). 

(&)  If  the  number  of  bays  be  odd 

^  pP    ng~l 

If  we  compare  this  formula  (equation  6)  with  equation  (4),  we 
see  that  the  horizontal  stress  in  a  Boll  man  truss  is  greater  than 
that  in  a  trapezoidal  truss  of  the  same  span  and  depth  and  loaded 
with  the  same  weight,  in  the  proportion  of  4  to  3. 

Example  4. — A  simple  trapezoidal  truss,  similar  to  that  shown 
in  ^g,  95,  is  24  feet  span  and  6  feet 
deep ;  the  length  of  the  upper  chord 
is  9  feet.  Find  the  stress  on  each 
member  when  loaded  with  4  tons  at 
each  joint. 

The  upward  reaction  at  each  abut- 
ment =  4  tons.  Draw,  therefore,  the 
vertical  line  A  a  =  4  tons.  Through 
a  draw  aa^  parallel  to  A  B. 

a  Oj  =  tensile  stress  on  A  B  =  -  5  tons,  by  scale, 
A  aj  =  compressive  stress  on  A  0  =  +6*4  tons,  by  scale. 
Stress  on  C  D  =  stress  on  A  B  =  +5  tons. 

As  the  loads  rest  on  C  and  D  there  should  be  no  vertical 
struts  at  these  points ;   if  the  load  be  carried  on  the  bottom 
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member  A  B  it  would  be  necessaiyto  introduce  these  vertical 
members  which,  in  this  latter  case,  would  be  subject  to  tensile 
stresses,  equal  to  the  weights  suspended  at  their  feet. 

The  solution  may  also  be  effected  by  the  principle  of  moments. 
Taking  moments  about  the  point  C,  we  get — 

Sj^^  X  6  =.  4  X  7*5,  or  S^b  =  ^  *o^8  =  Sod» 

^        cj        A  C     ^     9-6     ^  .  ^ 
Sac  =  S^b  X  -^5  =5  X  7^:5  =  6-4  tons. 

Example  5. — A  bridge  54  feet  span  and  8  feet  in  width  is 

^  supported   by  two  timber  trusses    of 

p"^*^,,.,^^  the  design  shown  in   fig.    96.      Each 

jftli^^^^   P^  °       truss  is  6  feet  deep  and  divided  by  two 

*^ L — "t^      vertical  posts  into  three   equal  parts. 

Fig.  96.  Find  the  stresses  on  the  various  mem- 

bers, the  total  weight  on   the  bridge 
being  equivalent  to  200  lbs.  per  square  foot  of  platform. 

Total  weight  on  bridge  =  54  x  8  x  200  lbs.  =86,400  lbs. 

„  one  truss  =  43,200  lbs. 

Load  resting  on  each  of)      43,200     -  .  j/^a  iv 
the  points  C,  and  D^l  =  -3 ^^'^^  ^^^ 

''SlbuTre^lr^!}  =1^00  lbs. 

At  the  point  A,  there  are  three  forces  acting,  viz.: — The  up- 
ward reaction  which  =  14,400  lbs.  and  the  stresses  on  A  B  and  A  C. 
Draw,  therefore,  the  vertical  line  A  a=  14,400  lbs.  Through  a 
draw  a  a^  parallel  to  A  C,  meeting  A  B  at  a^ 

Sjk.o  =  aai=  -  45,600  lbs.  by  scale, 
S^  B  =  A  Oj  =  +  43,200  lbs.       „ 

The  stress  on  A  B  is  constant  throughout  its  length,  and  the 
stress  on  C  D  is  equal  to  it  in  amount,  but  tensile.  Stress  on 
Oi  C  =  stress  on  D^  D  =  +  14,400  lbs, 

Tlie  stress  on  the  horizontal  members  may  also  be  found 
Analytically  from  equation  (6). 

By  putting  n  =  3,  d  =  6  feet,  /  «  54  feet,  p  =  800  lbs.,  we  get — 

S,.  =  »««m%  (3^  =  43,200  Iba. 
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III.  t'iNK  Truss. 

178.  Fink  Truss. — The  Fink  truss,  called  after  its  inventor,  is, 
like  the  Bollman  truss,  much  used  in  America  for  timber  bridges. 
Fig  97  represents  one  of  these 
trusses,  consisting  of  what  are 
called  primary  and  secondary 
systems.  The  primary  truss  is 
the  triangle  ABC,  the  strut  C D 
supporting  the  horizontal  mem- 
ber A  B  at  its  centre.  The  tri- 
angles A  D  E  and  D  B  F  are  the 
secondary  systems.     The  vertical  Fig.  97. 

struts  G  E  and  F  H  further  sup- 
port the  horizontal  member  A  B  at  the  points  G  and  H,  which 
are  midway  between  A  and  D,  and  D  and  B  respectively.  If 
the  top  member  of  the  truss  require  extra  support,  it  may  be 
accomplished  by  further  subdividing  the  truss  into  tertiary 
systems,  and  this  is  done  by  introducing  additional  struts  mid- 
way between  the  points  A,  G,  D,  H,  and  B,  and  trussing  them 
in  a  similar  manner  to  that  adopted  for  the  primary  and  second- 
ary systems. 

The  top  member  or  boom,  A  B,  is  common  to  all  the  systems, 
and  the  direct  stress  upon  it,  which  is  compressive,  will  be 
uniform  thiioughout  its  whole  length,  when  the  load  on  the 
truss  is  an  evenly  distributed  one.  This  stress  will  be  equal  to 
the  sum  of  the  horizontal  stresses  due  to  each  of  the  systems. 

Suppose  the  truss  to  be  loaded  at  the  points  G,  D,  and  H, 
with  weights  W^,  Wj,  and  Wg  respectively. 

Let  /  =  span  of  truss,        d  =  depth. 

First  consider  the  triangular  truss,  A  E  D,  as  an  independent 
truss  supported  at  A  and  D ;  this  has  a  weight,  W^,  resting  at 
G.     Taking  moments  about  E,  we  get — 

Sad'<c^  =  -2^xAG, 

W  I 
or  Sj^D  =  -oV  (compressive). 

W  I    A  E 

Sab  =  Sjbd  =  SadX  sec -^G a E  =  -g-^x-j-Q  (tensile). 

Sag  =  Wi  (compressive). 

15 
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Similarly,  we  get  for  triangle  D  F  B — 

Next  consider  the  triangle  A  C  B. 

Here  the  thrust  acting  along  D  0  is  not  simply  the  weight 

Wj  resting  at  D,  but  in  addition  the  vertical  components  of  the 

stresses  on  the   members   E  D  and   D  F.      These   latter  are 

W  W 

-^  and  -^  respectively ;  so  that  the  total  thrust  on  D  C  is 

SDo=Wj  +  i(Wi  +  Ws). 

The  stresses  produced  on  the  different  members  of  A  0  B^ 
arising  from  this  thrust  on  D  0, 


Bab-(^W,  + J— J^ 

a         a         /w      W^  +  WoN    I      AC 

Taking  all  the  loads  into  consideration  simultaneously,  the 
total  stresses  on  A  D  and  D  B  \ 


The  stresses  on  the  other  members  are  not  altered,  but  remain 
at  the  values  already  given. 

If  the  weight  on  each  panel  =  W,  we  get  Wi  =  W^s  W3  =  W, 
and  substituting  in  the  above  expressions  we  get  the  following 
values  for  the  stresses  : — 

8^0  =  2  W. 

°A«  =  San  =  Sj, ,  =  Sb F  =  -gT-  X  x^* 


8^0  =  880=  oj-** 


Wl    AC 
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If  the  truss  be  loaded  with  a  uniformly  distributed  weight, 

equal  to  p  per  unit  of  length,  we  get  W  =  -j-. 

Substituting  this  value  for  W  in  the  previous  equations,  we 
get— 

_pl 
2' 


Sob  =  Shf  =  '^« 


s„„=^. 


J-     _pl^    5     6  pl^ 
"^'*"8d''i"32"7"' 

and  so  on. 

If  the  truss,  instead  of  being  divided  into  4  equal  bays,  be 
divided  into  a  number  represented  by  any  other  power  of  2,  it 
will  be  an  easy  matter  to  find  the  stresses  in  the  manner 
indicated. 

The  sketch  shown  in  fig.  98  represents  a  more  extended  form 
of  the  Fink  truss.  The  seven  uprights  at  1,  2,  3,  &a,  divide  the 
span  into  eight  equal  panels.  If  a  weight,  W,  rest  on  each  of 
the  points  1,  2, 3,  (S^.,  the  truss 
may  be  considered  to  be  made 
up  of  seven  distinct  and  in- 
dependent trusses.  Each  of 
the  vertical  struts  at  1,  3,  5, 
and  7  is  exposed  to  a  com- 
pressive stress  equal  to  W. 
Each  of  the  struts  at  2  and  6 
to  a  compressive  stress  equal 


Fig.  08. 


to  2  W  j  while  the  central  strut  at  4  has  a  compressive  stress 
equal  to  4  W. 

179.  Fink  Trass  of  any  Number  of  Equal  Panels  loaded  uni- 
formly. 

Let  ns  number  of  panels  in  the  truss, 
l^  span  of  truss  in  feet, 
d=  depth  of  truss  in  feet, 
w  =  weight  per  foot  resting  on  truss, 
W  =  total  weight,  or  W^^wl 

The  number  of  panels  must  always  be  equal  to  some  power  of 
2,  as  2,  4,  8,  16,  (fee. ;  the  most  general  form  is  that  where  w= 8. 
(a.)  When  n  =  2,  we  get  simply  an  inverted  triangular  truss. 
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W 

The  stress  on  the  vertical  post  =  -^. 

W I 
The  horizontal  stress  on  the  boom  =  -^-j     .     (7). 

The  stresses  on  the  inclined  ties  are  each  =  -^-^  sec.  ^, 
where  ^  =  angle  of  inclination  of  the  ties  to  the  boom. 

\4  JTTTd^ 


SO  that 


^6^— '^ 


Stress  on  tie  =  ^  nA?+T52       .        .     (8). 


(5.)  n  =  4.  In  a  truss  of  four  equal  panels  the  stress  on  the 
central  post  is  the  same  as  in  the  latter  case,  and  consequently 
the  stresses  on  the  long  inclined  stays  are  also  the  same,  that  is, 
of  course,  when  the  span  and  depth  are  the  same ;  the  introduc- 
tion of  the  secondary  trusses  do  not  alter  these  in  any  way.  It 
will,  therefore,  only  be  necessary  to  consider  the  stresses  in  the 
two  secondary  triangles.     The  stresses  on  the  two  secondary 

W 

vertical  posts  are  each  equal  to  -^-,  and  the  stress  on  the  hori- 

1  W  /      W  ^ 
zontal  boom  arising  from  these  thrusts  =  -.  -^-f  =  s^— .     The 

total  stress  on  the  boom  from  the  total  load  will  be  equal  to  the 
sum  of  the  stresses  due  to  the  primary  and  secondary  trusses,  or 

Total  stress  on  boom  =^+  32^^  ^2T         <^)- 

The  stresses  on  the  inclined  ties  of  the  secondary  trasses  are 

W  I 
each  equal  to  ^o^  >^  sec.  tf^,  where 

6^  =  angle  of  inclination  of  these  ties  to  the  boom, 


sec*  "i  — *  » 

i 


^/^  +  16  rfg  , 

7  * 
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•  *.  stress  on  secondary  ties 

'  32 d  "" 1 " S2d <^°>- 

(e.)  n  =  8.  In  this  case  there  are  three  systems  of  trasses— 
viz.,  primary,  secondary,  and  tertiary. 

The  stresses  on  the  central  vertical  post  44'  (fig.  98)  and  the 
primary  ties  A  4'  and  B  4'  remain  the  same  as  in  the  previous 


The  stresses  on  the  secondary  struts  and  ties  also  remain  the 
same  as  in  the  last  case. 

The  stresses  on  the  tertiary  posts  at  1,  3,  5,  and  7  are  each 

equal  to  -^. 

The  horizontal  stresses  on  the  different  segments  of  the  boom, 
A  2,  2  4,  4  G,  and  6  B  arising  from  these  thrusts  on  the  posts, 

are  each  equal  to -g- X  j^=jg^ 

The  total  stress  on  the  boom 


_^WZ/1     2       1  \     21WI 

■"   d    ^^8"^32"^128;~*"T28rf"    ^^^^• 


The  tensile  stresses  on  the  inclined  ties  of  the  tertiary  trusses 

W I 
are  each  equal  to  ,^^  .  sec  A^ 

where  ^2  ==  angle  of  inclination  of  these  ties  to  the  boom. 


sec^Q  = 


Ai'    y\s)  "^""^    v^rsT^ 


2~  Al^  I  ~  I 

8 

••.  stress  on  tertiary  ties  «  -tiy^r-j  'J^  +  64  d^      (12). 

Example  6. — A  Fink  truss  of  four  equal  divisions  is  25  feet 
span  and  3  feet  9  inches  deep,  and  carries  a  uniformly  distributed 
load  of  li  tons  per  foot.  Find  the  stresses  on  the  different 
members. 

Total  load  on  truss  =  25  x  1-5  =37-6  tons  =  W. 

This  is  equivalent  to  loads  of  9*375  tons  resting  on  each  of  the 
points  G,  D,  and  H  (fig.  97). 
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The  tlirusts  on  the  vertical  posts  are,  therefore, 

W  W 

Soi  =  Shf  =  -^  =  9-375  tons.         Sx>o  =  -g"  *=  ^^'"^^  *^^^- 

Analytical  SoUUion. — The  total  thrust  on  the  boom  A  B  is 
found  from  equation  (9)  by  putting 

W  =  37-5  tons,        I  =  25  feet^        d  =  375  feet. 

Q  5  W  ^      5  X  37-5  X  25      «^  ^^  ^ 

^-B  =  -32T°      32x3-75      =  39>06  tons. 

From  equation  (8)  we  get  the  stress  on  the  primary  ties — 
Sac  =  Sob  =  g-J^  V (25)2  +  4  (3-75)2  =  32-625  tons. 

The  stresses  on  the  secondary  ties  as  found  from  equation  (10) 
are — 

Sab  =  S,x>  =  S,>p  =  S3i,  =  32^^5  n/ (25)2 +  16  (3-75)2  =  9-11  tons. 

Graphic  Solution, — Through  E,  ^g,  97,  draw  the  vertical  line 
E  e  =  9-375  tons.  Through  e  draw  e  e^  parallel  to  E  D,  and 
meeting  A  E  produced  at  e^.     Then 

Sa  B  =  E  Cj  =  9-1  tons  by  scale, 
S,  D  =  e  «i  =  9-1  tons  by  scale. 

The  stresses  on  the  other  two  secondary  ties ;  D  F  and  F  B, 
may  be  similarly  found  by  resolving  the  forces  acting  at  the 
point  F. 

To  find  the  stresses  on  the  primary  ties,  through  C  draw  the 
vertical  line  Gc  =  18-75  tons.  Through  c  draw  ce^  parallel  to 
0  B,  and  meeting  A  0  produced  at  c^ 

Sao  =  0  <5i  =  32-6  ^^^  by  scale, 
Sbc  =  ccj  =  32-6  tons  by  scale. 

To  find  the  stress  on  the  boom  A  B,  through  e^  draw  6.  6^ 
parallel  to  A  B,  then  e^  e^  =  stress  produced  in  A  B  by  the 
weight  acting  at  G  =  7*8  tons. 

A  stress  of  the  same  amount  is  produced  in  D  B  by  the  load 
acting  at  H. 

The  stress  produced  in  A  B  by  the  central  load  of  18-75  tons, 
acting  at  D,  is  equal  to  the  line  Cj  Cj,  which  is  found  by  drawing 
^1  ^2  pai'^lel  to  A  B.     c^  C2  =  01-2  tons. 
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We  havey  therefore,  the  total  stress  on  the  boom — 
Sab  =  Cj ej  +  Ci Cj  =  78  +  312  =  39  tons. 

It  will  be  seen  that  these  results  agree  with  those  found  by 
the  analytical  method. 

Example  7. — In  the  last  example,  if  the  rightrhand  half  of  the 
truss  be  loaded  with  an  additional  weight  of  1  ton  per  foot,  find 
the  stresses  on  the  truss. 

Let  Wj,  Wj,  W3  be  the  loads  resting  at  tbe  points  G,  D,  and 
H  respectively ;  we  have — 

Wj  =  9-375  tons,    W^  =  12-5  tons,    Wg  =  15-625  tons. 

The  stresses  produced  in  the  vertical  posts  are — 
So  E  =  9-375  tons,  Shf  =  15625,  and 

Si> c  =  12-5  +  i (9-375  +  15-625)  =  25  tons. 

The  stresses  on  the  secondary  ties  A  E  and  ED  are  the  same 
as  in  the  last  example. 

The  stresses  on  the  secondary  ties  D  F  and  F  B  are — 

Sb ,  =  S, B  =  1^'  VPTied*  =  ^Jr/s  X  29-15  =  15-18  tons. 

The  stresses  on  the  primary  ties  A  O  and  B  C  are— 
W,+Wo\  I       'Jt^TTd^       25 


Sac  =  Sbc=(W,+-1-2-VI3^ T 


4  X  3-75 
43-5  tons. 


:261 


The  total  stresses  on  the  portions  A  D  and  D  B  of  the  boom 
are — 


8^»  =  //w,  +  W,+  ^)=j^  (9-376  +  12-6  +  7-8125) 
=  49*4  tons. 

S„B=  rd(^^+^»^^)  =4lf3.75  (12-5 +  15-625 +  4-6876) 

=  54-7  tons. 

Example  8. — ^A  bridge  crossing  a  river  is  60  feet  span,  and  is 
supported  by  two  Fink  trusses,  each  divided  into  eisjht  bays  of 
7  feet  6  inches  each  ;  the  depth  being  also  7  feet  6  inches.  The 
^ead  load  of  the  bridge  is  40  tons.     What  will  be  the  stresses 
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on  the  varioufl  members  of  the  main  trusses  when  the  bridge  is 
fully  loaded  with  a  train  of  waggons  weighing  1^  tons  per  foot  1 

Dead  load  on  the  bridge  .        .         =40  tons. 


Live 

Total,    „ 

Total  load  on  each  truss 


=  90 

Tio   „ 

=  65    „ 


125  tons  resting  directly  over 


This  is  equivalent  to  loads  of  8- 
each  vertical  post. 

We  have,  therefore,  the  following  data — 

W= 66  tons,    /=  60  feet,    ti  =  7*5  feet,     n  =  8. 

By  means  of  equations  from  (8)  to  (12)  we  get  the  foUowinir 
results  (see  fig.  98)—  n  /        \     /        e  & 

844'= y  =  -^  =  32-5  tons. 

^28'  ~  ®6a'  =  x = -7-  =  16*25  tons. 
W 


Sn'  =  S38'-S„^=S„.  =  |L  =8-125  tons. 


SA4'  =  SB4'=g^  >//^  +  4rfg=  g^y,^  V(60)«  +  4(7-5)2=:67tonfl. 
W 


SAa'«S42'  =  S4e^  =  SBe'=32^  Jl^-^lQd^ 


65         ,         

=^32^7,5  n/(60)2+ 16(7-5)2  =18-15  tons. 

SAi'=Sjn'  =  S33'  =  S43'  =  &a  =  jJ2V72T64'5« 
"128^x7-5  V(60)*  +  64(7-5)«-5-74ton8. 
21WZ    21x65x60 


Sab- 


128(2 


128  X  7-5 


=  85-31  tons. 


The  above  results  may  be  checked  by  the  resolution  of  forces. 
Thus  in  fig.  98  draw  the  verticals — 

1' a  =  Sji'  =  8-125  tons,  2'6  =  S^-  =  16-25  tons,  4' c = S^^-  =  32-5  tons. 
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Proceeding  as  before  explained,  we  get — 

Stress  on  tertiary  ties       .     =  a  aj  =  5*74  tons  by  scale. 
Stress  on  secondary  ties    .     ^h  6^  —  18*15  „ 

Stress  on  primary  ties       .     =c  c^  =  67  „ 

Compressive  stress  on  boom  =  a^  o^  +  6^  62  +  c^  C2  »  85 '3  tona. 


CHAPTER  XIII. 
BRACED  GIRDERS — corUtntted. 

Warren  Girders. 

180.  Definition.  —  A  Warren  girder,  called  after  its  inventor^ 
Captain  Warren,  is  a  braced  girder  of  single  triangulation,  as 
shown  in  fig.  99,  each  triangle  being  usually  equilateral,  though 
not  always  so. 

The  horizontal  members  are  called  the  flanges,  and  the  inclined 
members  the  lattice  bars  or  braces.  The  point  in  the  flange 
where  two  braces  intersect  is  called  an  apex.  The  portion  of  the 
flange,  top  or  bottom,  between  two  adjacent  apices  is  called  a 
bay,  or  sometimes  a  paneL 

If  a  Warren  girder  form  one  of  the  main  girders  of  a  bridge, 
it  is  usual  to  have  it  loaded  at  the  apices,  by  the  cross  girders 
resting  at  these  points. 

181.  Nature  of  Stresses  in  Wanren  Girders. — ^When  a  Warren 
girder  is  loaded,  the  top  flange  or  boom  will  always  be  exposeil 
to  a  compressive  stress,  and  the  bottom  flange  to  a  tensile  stress, 
the  amount  of  which  varies  in  each  bay  or  panel.  Each  weight 
will  cause  either  a  compressive  or  tensile  stress  in  each  brace, 
and  the  algebraic  sum  of  these  will  represent  the  total  stress  on 
these  members. 

182.  Case  1— Girder  supported  at  both  Ends  and  loaded  at  an 
Intermediate  Point— In  fig.  99 — 

Let  I  =  span  of  girder, 
(3?==  depth  of  girder, 
W  =  weight  resting  on  an  apex  in  the  top  flange, 
X  =  distance  of  W  from  the  left  abutment, 
^  =  angle  which  the  diagonals  make  with  a  vertical  line, 
a  =  length  of  one  panel, 
P  =  reaction  at  left  abutment, 
Q  =  reaction  at  right  abutment. 
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P  =  W^,        Q  =  W|. 


ten«=iL. 


These  reactions  represent  the  vertical  shearing  stresses  on  the 
two  segments  of  the  girder  into  which  W  divides  it,  and  the 
stresses  on  the  diagonals  are  equal  to  these  shearing  stresses 
multiplied  by  sec  6. 

The  stresses  on  the  diagonals  1,  2,  3,  4,  6,  6,  and  7  are  all  the 
s;\me  in  amount  but  different  in  kind ;  some  being  compressive 
and  some  tensile,  and  may  be  thus  represented — 

Sxta7=±W^8ec^. 

The  stresses  on  the  diagonals  to  the  right  of  W  may  be  ex- 
pressed thus — 


Set 


±W^sectf. 


The  diagonals  1,  3,  5,  7,  8,  10,  and  12  will  be  in  compression; 
The  diagonals  2,  4,  6,  9,  and  11  will  be  in  tension. 


Fig.  99. 


In  order  to  explain  this  more  thoroughly  we  will  go  through 
the  process  of  resolving  the  forces  acting  along  t^his  girder, 
throughout  its  entire  length. 

Let  us  begin  at  the  point  a,  at  the  left  abutment.  There  are 
three  forces  acting  at  this  point,  viz. : — 


{\)  The  reaction  of  the  abutment  which  acts  vertically  upwards. 

(2)  The  stress  on  the  panel  A. 

(3)  The  stress  on  the  brace  1. 


Of  these  three  forces  the  first  only  (P)  is  known.  Draw, 
therefore,  the  vertical  line  a  Oj  =  P ;  through  Oj  draw  Oj  Og 
parallel  to  A. 

a^  ag  will  then  represent  the  stress  on  A,  which  is  tensile,  and 
a  a2  that  on  diagonal  1,  which  is  compressive. 
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Next  proceed  to  the  point  c;  here  tbere  are  three  forces 
acting,  viz.,  the  stress  on  diagonal  1,  that  on  the  bay  G,  and 
that  on  diagonal  2.  Of  these  three  the  first  only  is  known. 
Produce  ac  to  Cj,  making  c  c^  =  a  a^  =  stress  on  1.  Through  c^ 
draw  Cj  e^  parallel  to  2. 

Then  €C2  =  stress  on  G,  which  is  compressiye, 
and  Cj  €2  =  stress  on  2,  which  is  tensile. 

Kext  consider  the  forces  acting  at  the  point  d.  These  are  four 
in  number,  viz.,  the  stresses  on  the  bays  A  and  B,  and  on  the 
diagonals  2  and  3.  Of  these,  the  stresses  on  A  and  2  are  known, 
and  the  other  two  unknown ;  we  can  find  these  latter  as  there 
are  only  two  unknown  forces.  Produce  diagonal  2  to  c?^,  making 
d^  ^1  =  Sj  =  Cj  Cg.  Draw  d-^  d^  parallel  to  A  and  equal  to  Oj  aj  =  ^a- 
The  diagonal  d  d^  will  represent  the  force  which  balances  these 
two  forces,  and  it  must  also  be  equal  to  the  resultant  of  the  two 
unknown  forces.     Draw,  therefore,  d^  d^  parallel  to  3,  then 

cfj  ^3  =  Sg,  which  is  compressive, 
d  c?3  =  Sb,  which  is  tensile. 

In  the  same  manner,  by  considering  the  four  forces  acting  at 
the  point  e,  two  of  whicii  are  known,  we  can  find  the  others, 
viz. : — 

e2«8='^4>  '^hich  is  tensile, 
e  63  =  Sh,  which  is  compressive. 

Similarly,  by  resolving  the  forces  acting  at  the  points  /,  g,  k, 
&c^  taken  in  succession,  the  stresses  on  all  the  members  of  the 
girder  may  be  graphically  found.  We  have,  therefore,  the 
following  results : — 

The  stresses  on  all  the  diagonals  to  the  left  of  W  =  ±  P  sec  tf. 

1        a 
Sj^.=ai  aj  =  P  tan  ^  =  H  ^  •  J 

Bq  =  c €2=^2 a^a.2^2  P  tan  tf  =  P  .  n. 
SB  =  (^</8  =  3oia2  =  3  P  tan  ^  =  |P.  5- 


SH=ee8  =  4taia,  =  4  P  tantff=2P.^. 
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So=//s  =  5ai  0^  =  5  P  tan  tf=|p.? 

Sj=5ry3  =  6aiap=6  P  tantf  =  3P.  j 

7         a 
Sj^  =  hh^  =  7 a^a^  =  7  T  t&n  tf  =  -P.  ^ 

In  the  same  waj,  by  commencing  at  the  right-hand  abutment 
and  working  back  to  the  point  of  application  of  the  weight  W, 
it  may  be  shown  that  the  stresses  on  all  the  diagonals  to  the 
right  ofW=±Q  seed. 

Sp  =  Qtantf=iQ.j 
Si  =  2Qtantf  =  Q.^ 
SB  =  3Qtantf=|Q.|. 
S  =4Qtantf=2Q.  J 

S,>=5Qtand=|Q.j 

The  stresses  in  the  flanges  may  be  checked  by  the  principle  of 
moments. 

Taking  moments  about  the  apices  c,  d^e,/,  &c,  in  succession, 
we  get  the  following  results : — 

S^xd-Px^,  orS^=ip.  J=Ptantf. 
SoX(i  =  Pxa,orSQ  =  P.-^=2Ptantf. 

S,xrf=Px  -2",  or  Sb  =  |p  .  3=3  P  tan  tf, 

and  so  on. 

It  will  be  seen  that  these  results  correspond  with  those  as 
found  by  the  resolution  of  forces. 

Instead  of  resolving  the  forces  in  the  manner  explained,  it  will 
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generally  be  found  more  convenient  in  girders  of  this  description 
to  construct  a  separate  stress  diagram,  on  the  principles  explained 
by  Professor  Clerk  Max\vell. 

A  diagram  of  this  description  is  shown  in  fig.  100,  and  may  be 
constructed  as  follows : — 

Take  a  vertical  line,  y  x,  on  any  scale  of  forces,  to  represent 
the  weight  W;  let  ox  represent  P,  and  o y  represent  Q.  Through 
a;,  o,  and  y  draw  lines  parallel  to  the  flanges  of  the  girder.  Com- 
mencing at  the  lefb  abutment,  through  x  draw  x  x^  parallel  to 
diagonal  1 ;  then  ox^^  S^,  and  xx^  —  S^.  Ka  xx^\&  the  resultant 
of  the  stresses  on  diagonal  2  and  bay  G,  by  drawing  x^  x^  parallel 
to  2,  and  xx^  parallel  to  G,  we  get  rc^a;^  — stress  on  diagonal  2, 
and  u;x^  =  stress  on  bay  G.  The  dotted  fine  o  x^  is  the  resultant, 
in  magnitude,  of  Sa  and  Sj,  and  it  is  also  the  resultant  of  the 
stresses  on  diagonal  3  and  bay  B.  Through  its  extremities, 
o  and  Q^  draw  o  x^  and  x^  x^  parallel  respectively  to  B  and  3,  then 
o 01:3  =  Sb,  and  01^  x^^ S3.  Again  the  dotted  line  a;  a:,  is  the 
resultant  of  the  stresses  in  G  and  3,  and  it  is  also  the  resultant 
of  the  stresses  on  bay  H  and  diagonal  4.  By  drawing  x  d?^  parallel 
to  H,  and  scj  x^  parallel  to  4,  we  get — 

xx^^ S29  ftnd  x^x^  —  S^. 
Proceeding  in  this  manner  throughout,  we  get — 
OiB5  =  Sc,    03:7  =  81),    a:ga;4  =  S4,     x^x^^^^^     a?6®«  =  Se»     ^^6^7  =  ^ 

Having  thus  found  the  stresses  on  all  the  members  to  the  left 
of  W,  we  can  next  find  the  stresses  on  the  members  to  the  right 
by  drawing  yy^  parallel  to  12,  and  proceeding  exactly  as  before, 
when  we  get-— 

yyi=Si2,      yiy2=Sii,      y^y^^^v^^      y%y^^^% 

y^^^^^        <>yi=s„        0^8=8^,        oiCy^SD, 

yy2=SK,        yy4  =  8j. 

Asa  check  on  the  accuracy  of  the  diagram,  the  last  line  drawn, 
viz.,  y^  x^j  should  exactly  meet  at  the  point  x^. 

183.  Bow's  Method  of  Lettering  the  Parts  of  Figures In  his 

Economica  of  Construction,  Mr.  R.  H.  Bow  has  introduced  a 
new  method  of  lettering  the  parts  of  a  truss,  and  of  its  reciprocal 
diagram,  which  possesses  advantages  of  simplicity,  especially 
when  the  reciprocal  diagram  is  complicated.  By  this  system  it 
is  easy  to  tell  at  a  glance  what  line  on  the  stress  diagram  repre- 
sents the  stress  on  any  member  of  the  truss.  Mr.  Bow  remarks, 
'<  This  plan  of  lettering  consists  in  assigning  a  particular  letter  to 
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each  enclosed  area  or  space  in,  and  also  to  each  space  (enclosed 
or  not)  around  or  bounding  the  truss,  and  attaching  the  same 
letter  to  the  angle  ox  point  of  concourse  of  lines  which  represent 
the  area  in  the  diagram  of  forces.  Any  linear  part  of  the  truss, 
or  any  line  of  action  of  an  external  force  applied  to  it,  is  to 
be  named  from  the  two  letters  belonging  to  the  two  spaces  it 
separates ;  and  the  corresponding  line  in  the  reciprocal  diagram 
of  forces,  which  represents  the  force  acting  in  that  part  or  line^ 
will  have  its  extremities  defined  by  the  same  two  letters." 

This  method  of  lettering  is  illustrated  in  figsr  101  and  102, 
which   represent  a  similar  truss  and  stress-diagram  to  those 

shown  in  figs.  99  and  100.     The  letters  A,  B,  C,  D, K, 

fig.  101,  are  assigned  to  the  spaces  in,  and  the  letters  X,  Y,  and 
O  to  those  araimd  the  truss.     The  designation  of  the  diagonals 

corresponding  to  1,  2,  3, 12,  in  fig.  99,  will,  according  to 

this  system,  be  X  A,  AB,  BO,  CD,  DE,  EF,  EG,  G  H,  HI, 
IJ,  J  K,  and  K  Y  respectively.  The  designation  of  the  top  bays 
proceeding  from  the  left  abutment  will  be  X/B,  X  D,  Y  F,  Y  H, 
YJ,  and  those  of  the  bottom  bays  proceeding  from  the  lefb 
abutment  will  be  O  A,  O  C,  O  E,  O  G,  O  I,  and  O  K. 


Fig.  102. 


The  line  in  the  diagram  fig.  102  representing  the  stress  on  any 
member  of  the  truss  will  have  the  same  letters  attached  to  its 
extremities  as  those  which  designate  the  member  of  the  truss. 

Thus  the  stress  on  diagonal  X  A  is  represented  by  the  line 
X  A  in  the  diagram,  that  on  A  B  by  A  B,  and  so  on. 

In  the  same  way  the  stresses  on  the  bays  X  B,  X  D,  <fec.,  are 
represented  by  the  lines  X  B,  X  D,  dbc.,  in  the  diagram. 

The  convenience  of  this  notation  will  be  at  once  apparent. 

Example  1. — A  Warren  girder  with  six  equal  bays  in  the 
bottom  fiange  ia  90  feet  span  and  13  feet  deep,  and  is  loaded 
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with  a  weight  of  20  tons  resting  on  an  apex  of  the  top  flange 
37  feet  6  inches  from  the  left  abutment.     Determine  the  stresses 
on  the  diagonals  and  flanges  of  the  girder. 
Analytical  Solution — 

;=  90  feet,     ef=13feet,    aj  =  37-5,    o  =  15,    W  =  20  tons, 
^  =  30",    sec.  tf=M5. 

20  X  52*5 
Beaction  of  left  abutment  =  — ^ =  11  '66  tons. 

20  X  37'5 
Reaction  of  right       „       =  — ^ —  =  8-33  tons. 

Stresses  on  diagonals  to  the  left  of  weight — 

- 11-66  X  sec  ^=11-66  x  M5  =  13-4  tons. 

These  stresses  will  be  compressive  and  tensile  alternately. 

Stresses  on  diagonals  to  the  right  of  weight  =  8-33  sec  tf  =  9*58 
tons,  which  will  also  be  compressive  and  tensile  alternately. 

The  stresses  on  the  bays  of  the  top  flange  taken  in  order  from 
the  left,  and  adopting  Bow's  notation  (see  flg.  101),  are — 

SxB=Px  3  =  13-46  tons 
a 

SxD  =  2Px^  =  26-92  tons. 

Sx,=  3Qx^  =  28-«6ton8. 
a 

Sth  =  2Qx  3  =  19-24  tons. 
a 

St,  =  Qx~  =  9-62  tons. 
a 

The  stresses  on  the  bays  of  the  bottom  flange  are — 


a 


Soo  =  7>Pxj  =  20-2  tons. 


800=2^^  2  =  24-05  tons. 
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Soi-|Qx  1  =  14-43  tons. 

SoK=2Qx?  =  4'81tons. 

The  stresses  on  the  bays  may  be  got  more  directly  by  the 
principle  of  moments,  as  explained  in  Chap.  IV.,  Art.  56.  Thus, 
for  example,  to  find  the  stress  on  O  E,  take  moments  round  the 
apex  where  W  rests,  and  considering  the  left  portion  of  girder, 
we  get 

Sob  X  13  =  P  X  37*5, 

Q          11-60x37-5     ,,^-^ 
or  Sob  =  To =  33-65  tons, 

which  as:rees  with  that  already  found. 

Graphic  Solution, — In  fig.  102,  which  is  drawn  to  scale,  take 
the  vertical  line  YX  =  20  tons,  the  portion  OX  being  =  11-66 
tons  the  reaction  of  the  left  abutment,  and  O  Y  =  8*33  tons  the 
reaction  of  the  right  abutment,  and  construct  the  diagram  in 
the  manner  already  explained. 

By  scaling  the  lines  in  the  diagram,  the  stresses  on  the  various 
members  of  the  truss  may  be  found,  and  it  will  be  seen  that 
they  correspond  with  those  as  determined  by  the  analytical 
method. 

The  shaded  portion  in  fig.  101  represents  graphically  the 
stresses  on  the  flanges ;  the  ordinates  of  this  diagram  being 
drawn  to  a  smaller  scale  than  that  adopted  in  flg.  102. 

If  the  web  of  the  girder  be  a  continuous  plate  instead  of 
lattice  bars,  the  flange  stresses  would  be  represented  by  the 
ordinates  of  the  triangles  ach  and  a.  Cj  h^. 

If  the  weight  rest  on  the  bottom  nange  instead  of  the  top,  the 
method  of  calculating  the  stresses  both  by  moments  and  also  by 
the  stress  diagram  will  be  similar  to  that  described. 

Example  2. — If,  in  the  last  example,  a  load  of  20  tons  be  sus- 
pended at  the  points  1,  2,  and  3  on  the  bottom  flange  in  succes- 
sion, find  the  stresses  on  each  member  of  the  girder.  Find  also 
the  stresses  when  a  weight  of  20  tons  is  suspended  from  each  of 
these  points  simultaneously,  or  a  total  weight  of  60  tons. 

This  is  a  useful  example  for  the  student  to  work  out;  he 
should  draw  stress  diagrams  for  each  case.  It  is  evident  that 
when  the  three  weights  are  suspended  simultaneously  the 
stresses  will  be  the  algebraic  sum  of  those  due  to  each  weight 
taken  separately.     Table  XXXIII.  gives  the  required  stresses. 
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184.  Warren  Girder  Uniformly  Loaded.— Suppose  the  load  to 
rest  on  the  bottom  flange  of  the  girder,  as  shown  in  fig.  103 — 

Let  n  =  number  of  bays  in  the  bottom  flange  of  girder, 
P  =  load  on  each  bay, 

^= angle  which  diagonals  make  with  a  vertical  line, 
n  P  =  total  load  on  giwler  =  W. 

If  the  load  be  uniformly  distributed  along  the  bottom  flange 
it  will  be  equivalent  to  a  weight  P  resting  on  each  bottom  apex. 

As  half  the  loads  on  the  bays  adjacent  to  the  abutments  will  be 

carried  directly  by  the  abutments 
themselves  there  will  be  {n-l) 
points  on  the  girder  upon  each  of 
which  a  weight  P  rests.  Conse- 
quently, reaction  at  each  abutment 

Fig.  103.  -^^• 

With  this  distribution  of  load  the  stresses  on  the  diagonals 
increase  pro  rcUa  firom  the  centre,  where  they  are  a  minimum,  to 
the  ends,  where  they  are  a  maximum. 

Any  two  diagonals  equidistant  from  the  centre  will  be  sub- 
jected to  stresses  of  the  same  intensity  and  of  the  same  kind, 
and  the  stress  on  each  will  be  equal  to  the  load  between  it  and 
the  centre  multiplied  by  sec  6. 

»-l 
The  stress  on  diagonals  1  and  2 =— ^  P  sec  ^, 

„  „  3  and  4  =»  —^  P  sec  0, 

„  „  5  and  6  =  — «-  P  sec  tf, 

and  so  on.     * 

The  stresses  on  the  bays  of  the  flanges  are  a  maximum  at  the 
centre,  and  gradually  decrease  towards  the  ends.  They  may  be 
found  most  conveniently  by  taking  moments  about  ead^  apex  in 
succession. 

Thus  to  find  the  stress  on  the  bay  A,  take  moments  about  the 
first  apex  on  the  top  flange,  and  putting 

a  =  length  of  each  bay,     d  =  depth  of  girder,     tan  ^=05* 

we  get — 

S^xd  =  ^Px|,  or  S^-'^Ptantf. 
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Similarly,  we  may  find  the  stresses  on  the  otlier  bays— 
Sjyxd^'—^Fxa,  orSD  =  (n-l)Ptan^, 

S3xci=^Px?^-Px|,orSB  =  ^.Ptan^, 

99  —  1 

SKxrf=--2-Px2a-Pxa,  or  8^  =  2  (»-2)Ptan  d, 

SoXC?=-^Px-^-P^2  +  xj'  ^'^0- — 2 •^*^^' 

SFXci=*^Px3a-P(a  +  2a),  or  S,  =  3(n-3)Ptan  tf, 

and  so  on. 

For  the  tmss  shown  in  fig.  103,  w  =  6. 

The  following  table  gives  a  summary  of  the  stresses  in  this 
girder. 

The  general  equation  for  finding  the  flange  stress  at  the  centre 
of  a  girder  of  span  I  and  depth  d,  loaded  uniformly  with  a  load  W, 

W I 

is  S  =  -Q-i.     In  this  equation,  by  putting 
o  a 

W  =  6  P,     1=6  a,     ^Y  =  **^  ^9  ^^  g®* — 

Q         6Px6      a      Q-,.       . 
S«».  =  — J — ""Yd  ' 

which  agrees  with  the  stress  on  the  centre  bay,  as  given  in  the 
table. 

TABLE  XXXina. 


1 

2 

3 

4 

6 

6 

Stresses, 

.^^eeo, 

-¥-* 

+|Psec^ 

-|Pseoe^ 

p 

+28ec^ 

p 

-|8ec<^ 

Flanges, 

A 

D 

B 

E 

C 

P 

Stresses, 

-fptan^ 

+  6Ptan^ 

-L'ptan. 

+  8Ptan^ 

-~Ptan^ 

+9Ptan^ 

It  will  be  noticed  that  when  two  diagonals  intersect  at  a  loaded 
apex  of  a  Warren  girder  uniformly  loaded,  the  stress  in  the 
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diagonal  further  from  the  centre  exceeds  that  in  the  other 
diagonal  by  P  sec  ^,  where  P  is  the  load  on  the  apex;  and 
further,  that  when  two  diagonals  intersect  on  an  unloaded  apex, 
no  matter  whether  the  load  is  equally  distributed  or  not,  the 
stresses  in  the  diagonals  are  equal  in  amount  but  of  opposite 
kind;  that  is,  one  is  compressive  and  the  other  tensile. 

Example  3. — A  Warren  girder  similar  to  that  shown  in  fig.  104 
is  60  feet  span  and  divided  into  11  equilateral  triangles;  a  load 


K 
Fig.  104.  Fig.  105. 

of  2  tons  is  suspended  from  each  of  the  bottom  apices.  Write 
down  a  table  of  the  stresses  on  the  different  members,  and  verify 
the  result  by  means  of  a  stress  diagram. 

P  =  2tons,     ^  =  30%     sec  tf  =  1-154,    tan  ^  =  0-577. 

Substituting  these  values  in  the  last  table,  we  get  the  following 
table  of  stresses : — 

TABLE  XXXHK. 


Diagonals,  . 

RA 

AB 

BC 

CD 

DE 

EF 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

Toos. 

Stresses,      . 

+5-77 

-5-77 

+3-46 

-3-46 

+  115 

-M6 

Flanges,      . 

AL 

CM 

EN 

BR 

DR 

FR 

Tons. 

Tom. 

Tons. 

Tons. 

Tons. 

Tons. 

Stresses,      . 

-2-88 

-7-6 

-9-8 

+6-77 

+  9-23 

+  10-38 

Stress    Diagram, — Fig.    104    represents    the    girder  lettered 
according  to  Bow's  method,  with  the  addition  that  figures  are 
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put  at  each  of  the  apices  for  the  purpose  of  more  fully  explaining 
the  diagram. 

At  the  apices  3,  5,  7,  9,  and  11  are  suspended  weights  of 
2  tons;  the  upward  reactions  of  the  abutments  1  and  13  are 
5  tons. 

In  fig.  105,  which  represents  the  stress  diagram  drawn  to 
scale,  tii^e  the  vertical  line  L  Q  =  10  tons,  the  total  weight  on 
the  girder.  Set  off  L  M,  M  N,  N  O,  O  P,  and  P  Q,  each  equal 
to  2  tons,  and  make  L  B  =  R  Q  =  5  tons.  L  B  will  then  represent 
the  upward  reaction  of  the  left  abutment,  and  B  Q  that  of  the 
right. 

By  drawing  L  A  and  B  A  parallel  to  L  A  and  B  A  respectively 
in  fig.  104  these  two  lines  will  represent  graphically  the  stresses 
on  the  first  bay  and  the  first  diagonal  of  the  girder. 

By  scaling  them,  we  get — 

Sal  =  A.L=  -2-88  tons, 
Sba  =  RA=  +5-77  tons. 

The  next  apex  in  the  girder  for  resolving  the  forces  is  2,  at 
which  point  three  forces  act,  one  of  which  is  known,  namely,  the 
stress  on  B  A.  This  stress  is  the  resultant  in  point  of  magnitude 
of  the  stresses  on  the  other  two  members.  In  the  diagram  draw, 
therefore,  B  B,  A  B  parallel  respectively  to  the  corresponding 
members  of  the  girder;  these  two  lines  will  represent  the  stresses 
on  the  members. 

By  scaling,  we  get — 

Shb  =  RB= +5-77  tons, 
Sab  =  AB=  -5-77  tons. 

Next  take  the  apex  3.  At  this  point  there  are  five  forces 
acting,  viz. : — The  stresses  on  the  bays  A  L  and  0  M,  and  those 
on  the  diagonals  A  B  and  B  0,  and  also  the  vertical  weight  of  2 
tons.  All  these  forces  are  known  except  two,  which  we  now 
proceed  to  find.  The  dotted  line  B  L  represents  the  resultant  of 
the  stresses  on  the  bay  A  L  and  the  diagonal  A  B.  Combining 
this  resultant  with  the  vertical  load  of  2  tons,  which  is  represented 
by  L  M  in  the  diagram,  we  get  the  resultant  of  the  three  known 
forces,  which  is  represented  by  the  dotted  line  B  M.  Besolving 
this  resultant  in  the  direction  of  the  two  unknown  stresses  by 
drawing  M  0  parallel  to  the  bay  M  C,  and  B  0  parallel  to  the 
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diagonal  B  C,  we  get  the  iines  so  drawn  to  represent  the  stresses 
on  these  members,  and  by  measuring  we  get — 

Smc«MO= -7-5  tons, 
Sbo  =  B  C= +3-46  tons. 

Next  proceed  to  apex  4.  The  dotted  line  R  0  represents  the 
resultant  of  the  two  known  stresses,  B  B  and  B  C;  and  drawing 
0  D  parallel  to  the  diagonal  C  D,  and  K  D  parallel  to  the  bay 
R  D,  we  get — 

Sbd  =  RD=  +9-23  tons, 

Soi>»CD« -3*46  tons. 

The  forces  acting  at  the  apex  5  are,  like  those  at  3,  five  in 
number,  and  are  treated  in  the  same  way.  The  dotted  line  M  D 
in  the  diagram  represents  the  resultant  of  the  stresses  on  the 
bay  M  C  and  the  diagonal  C  D,  and  the  dotted  line  N  D  repre- 
sents the  resultant  of  this  latter  resultant  combined  with  the 
vertical  load  of  2  tons.  Resolving  the  resultant  N  D  in  directions 
parallel  to  the  two  unknown  forces,  by  drawing  N  E  parallel  to 
the  bay  N  E,  and  D  E  parallel  to  the  diagonal  D  E,  we  get — 

Skb  =  NE= -9-8  tons, 
SDa=DE=  +M5tons. 

The  dotted  line  R  E  in  the  diagram  represents  the  resultant 
of  the  stresses  on  the  bay  R  F  and  the  diagonal  E  F.  Draw  E  F 
parallel  to  E  F,  meeting  the  line  through  R  parallel  to  the  bay 
R  F  at  the  point  F,  then  we  get — 

Sbf  =  RF=  +10-38  tons, 
Sb,  =  EF=  -1-16  tons. 

The  portion  of  the  diagram  above  the  line  R  F  represents  the 
stresses  on  the  left  half  of  the  girder  as  just  explained ;  and  it 
will  be  noticed  that  these  stresses  agree  with  those  given  in  the 
table.  The  stresses  on  the  second  half  of  the  girder  are  exactly 
the  same  as  those  on  the  first  hal^  and  are  graphically  repre- 
sented by  the  portion  of  the  diagram  below  the  line  R  F.  This 
may  be  constructed  in  exactly  the  same  way  as  the  upper  portion, 
by  starting  at  the  point  R  and  drawing  RK  parallel  to  the 
diagonal  R  EL  and  Q  K  parallel  to  the  bay  Q  £1,  and  prooeedbig 
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in  the  manner  explained  ;  the  last  line  drawn  will  be  G  F,  and, 
as  a  proof  of  the  accuracy  of  the  diagram,  this  line  should  exactly 
intersect  the  line  R  F  at  F. 

The  lower  portion  of  the  diagram  may  also  be  constructed  by 
commencing  where  we  left  off  in  the  upper  portion,  namely,  at 
the  point  F,  and  proceeding  backwards ;  in  which  case  the  last 
line  of  the  diagram,  namely,  K  K,  should  exactly  intersect  the 
horizontal  line  in  the  point  E. 

The  thick  lines  of  the  diagram  represent  the  compressive 
stresses,  and  the  thin  ones  the  tensile  stresses. 

The  shaded  portion  of  fig.  104  represents  graphically  the  flange 
stresses  on  the  girder.  The  dotted  lines  obtained  by  joining  the 
centres  of  each  step  are  parabolic  curves. 

Another  method  which  might  be  adopted  for  finding  the 
stresses  on  the  diagonals,  is  to  consider  each  weight  in  succession 
and  find  the  stress  which  it  produces  on  each  diagonal;  then  the 
total  stress  on  each  brace  is  equal  to  the  algebraic  sum  of  the 
stresses  produced  on  it  by  each  load. 

Calling  the  weights  applied  at  3,  5,  7,  9,  and  1 1,  Pj,  Pg,  P3,  P^, 
and  Pg  respectively,  Table  XXXIV.  will  explain  this  method  as 
applied  to  the  last  example. 

TABLE  XXXIV. 


Dlagoaate. 

Pi. 

P*. 

?► 

P*. 

P.. 

StrMBdne 

to 
Total  Load. 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

Tom. 

RA 

+  1-92 

+  1-54 

+  116 

+0-77 

+0-38 

+  5-76 

AB 

-1-92 

-1-54 

-M6 

-0-77 

-0-38 

-576 

BC 

-0-38 

+  1-64 

+  1-15 

+0-77 

+0-38 

+3-46 

CD 

+038 

-1-54 

-116 

-0-77 

-0-38 

-3-46 

DE 

-0-38 

-0-77 

+  1-16 

+0-77 

+0-38 

+  1-16 

EP 

+0-38 

+0-77 

-.116 

-0-77 

-0-38 

-116 

Exam%ple  4. — The  Warren  girder,  shown  in  fig.  106,  is  90  feet 
span  and  7  feet  6  inches  deep.  It  is  divided  into  six  bays  of 
15  feet  each,  thus  forming  a  series  of  right-angled  isosceles 
triangles.     Three  weights  of  5^  8,  and  12  tons  rest  on  the  top 
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flange  at  the  1st,  3rd,  and  6th  apices  respectively  from  the  left 
abutment.     Investigate  the  stresses  on  the  various  members. 


^^/Kv^^/^S\^.^^^        \X 


Fig.  106. 


Pig.  107. 


Analytical  Solution — Streasea  on  Flanges, — The  stresses  on  the 
flange  bays  may  be  calculated  by  the  method  of  moments. 

Eeaction  at  left  abutment    =10*16  tons. 
Reaction  at  right  abutment  =  14-83  tons. 

Taking  moments  about  each  of  the  apices  in  succession,  start- 
ing from  the  left,  we  get  the  following : — 

Sal  X  7-5  =  1016  X  7-5,  orSAL=  -I- 10-16  tons, 

Sbpx  7-5  =  10-16x16,  orSBP=  -  20-33  tons, 

SoM  X  7-6=  10-16  X  22-5-5  x  7-5,  or  Scm=  +25-5  tons, 

Sj>p  X  7-5  =  10-16  X  30  -6  X  15,  or  Cj>p=  -  30-66  tons, 

Sbm  X  7-5  =  1016  X  37-5  -  6  x  22-5,  or  Sjjm=  +  35-83  tons, 

Spp  X  7-5  =  1016  x  45  -  5  X  30,  or  Sj^p  =  -  41-0  tons. 
Son  X  7-5  =  14-83  x  37-5  -  12  x  22-5,  or  SaN=  +  38-16  tons, 

Sgpx  7-5  =  14-83x30-  12x15,  orSHP=  -35-33  tons. 

Si  J,  X  7-5  =  14-83  X  22*5  -  12  x  7-5,  or  Sjn  =  +  32-5  tons, 

Sj  p  X  7-5  =  14-83  X  15,  or  Sjp  =  -  296  tons, 


Sokx7-5  =  14-83x7-5, 


or  SoK=  +14-83  tons. 


Stresses  on  Webs, — ^The  simplest  analytical  method  of  deter- 
mining the  stresses  on  the  diagonal  braces  is  to  find  the  stress 
for  each  weight  acting  separately,  and  then  add  or  subtract  the 
dilferent  stresses,  as  the  case  may  be,  in  order  to  find  the  total 
stresses.     This  is  done  in  detail  in  Table  XXXV. 

tf  =  45%  sectf  =  1-414. 
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TABLE  XXXV. 


DUgODftl. 

Strara  ftom 
load  of  ff  tons. 

Stren  from 
load  of  8  toQB. 

StroBsfrom 
load  of  12  toii& 

Stress  from 
total  load. 

Tons. 

Tons. 

Ton*. 

Ton*. 

AP 

-6-88 

-6-66 

-  2-82 

-14-35 

AB 

+5-88 

+5-65 

+  2-82 

+  14-35 

BC 

+  1-17 

-6-65 

-  2*82 

-  7-3 

CD 

-117 

+  5-65 

+  2-82 

+  7-3 

DE 

+  1-17 

-6-65 

-  2-82 

-  7-3 

EF 

-117 

+5-65 

+  2-82 

+  7-3 

FG 

+  117 

+5-66 

-  2-82 

+  40 

GH 

-117 

-5-65 

+  2-82 

-  40 

HI 

+M7 

+6-65 

-  2-82 

+  40 

IJ 

-117 

-6-66 

+  2*82 

-  40 

JK 

+1-17 

+  5-65 

+  14-14 

+20-96 

EP 

-M7 

-5-65 

-1414 

-20-96 

Stress  Diagram, — Take  the  vertical  line  O  L  (fig.  107)  =  25  tons, 
the  total  weight  on  the  girder,  set  off  O  N  =  12  tons,  N  M 
=  8  tons,  and  ML  =  6  tons.  Take  the  point  P  so  that  PO 
=  reaction  of  right  abutment  =  14-83  tons,  and  P  L  =  reaction  of 
left  abutment  =  10*16  tons.  The  stress  diagram  is  constructed 
as  already  explained. 

185.  Semi-Girders  Loaded  at  their  Extremities. — ^Fig.  108  re- 
presents a  cantilever  of  the  Warren  girder  type,  one  end  of  which 
IS  fixed  to  a  wall  or  other  support ;  and  from  the  other  extrem- 
ity a,  a  weight  W  is  suspended.  At  the  point  a  there  are  three 
forces  meeting,  namely,  the  stresses  on  6  a  and  ac,  and  the 
vertical  weight  W.  Draw  the  vertical  line  a  o^  to  represent  the 
weight  W ;  through  a^  draw  a^  Oo  parallel  to  a  c  meeting  h  a  pro- 
duced in  a^ ;  the  lines  a  a^  and  a^  a^  will  then  represent  the 
stresses  on  the  diagonal  b  a  and  the  bay  c  a,  the  first  being  ten- 
sile and  the  latter  compressive. 
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If  ^  =  angle  which  a  diagonal  makes  with  the  vertical,  we  get — 

If  we  continue  the  process  of  resolving  the  forces  at  the 
different  apices  b,  c,  rf,  &c.,  taken  in  succession  (as  explained  in 
Art.  182),  we  can  find  the  stresses  on  all  the  members.  It  will 
be  found  that  those  on  the  diagonals  are  equal  in  amount  but  of 


AA^Vt 


Fig.  108.  Pig.  109. 

different  sign.  It  will  also  be  seen  that  at  each  apex  the  flanges 
receive  successive  increments  of  stress  «=  2  W  tan  0,  and  also 
that  the  stress  on  the  first  bay  of  the  top  flange  =  2  W  tan  B, 
This  being  so,  the  stresses  on  the  bays  of  the  top  flange,  com- 
mencing at  the  right-hand  end,  are — 

2  W  tan  ^,  -  4  W  tan  d,  -  6  W  tan  ^,  <Sm5., 

and  those  on  the  bottom  flange  are — 

+  W  tan  5,  +  3  W  tan  ^,  +  5  W  tan  B,  &o 

so  that  if  n  =  number  of  the  diagonals  between  any  bay  and  the 
weight,  the  stress  on  that  bay  =  ±  n  W  tan  0. 
The  general  expression  for  the  stresses  on  the  diagonals  is 

Sjia^.=  ±  Wsec^. 

Example  6. — ^A  cantilever  similar  to  that  shown  in  ^^,  108 
is  IG  feet  long  and  2  feet  3  inches  deep.  It  is  loaded  with  a 
weight  of  20  tons  at  its  extremity.  What  are  the  stresses  on 
the  different  members  ?  Verify  the  result  by  means  of  a  stress 
diagram. 

I   =  length  of  cantilever  =  16  feet, 
L  =  length  of  each  bay  =  4  feet, 
a  s=  depth  of  girder  =  2*25  feet, 
W  =  weight  at  end  =  20  tons, 


tan  &  =  -:,,.  =  0-S88,  or  tf  -  41' -38', 
sec  ^  =  1-338. 
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This  is  an  example  of  a  girder  in  which  the  lattices  do  not 
make  a  common  angle  with  the  vertical. 

Stress  on  lattices  =  ±  W  sec  ^  =  ±  20  x  1-338  »  ±  26*76  tons, 

Saj  =  W  tan  tf  =  + 17-77  tons, 
Sbk  =  2  Wtan  0=  -3555  tons, 
Soj  =  3  W  tan  tf  =  +  5333  tons, 
Sbk-^  Wtantf=  -71-10, 
S,,  =5  Wtan  tf=  +88-88, 
SpK  =  6  W  tan  tf  =  -  10666, 
So,  =7  W  tan  tf=  +124-44, 
Shk=-8  W  tan  tf  =  - 142-20. 

Stress  Diagram. — In  fig.  109  take  the  vertical  line  JK  to 
represent  20  tons.  Draw  J  A  parallel  to  the  bay  A  J,  and  K  A 
parallel  to  the  diagonal  A  K ;  then  these  lines  will  represent  the 
stresses  on  these  members,  and  scaling  them,  we  get — 

Saj  =  A  J  =  +  17-7  tons, 
Ska=KA«  -  26-7  tons. 

The  farther  construction  of  the  diagram  is  carried  ont  in  the 
usual  way,  and  the  stresses  on  the  different  members  of  the 
girder  are  represented  by  the  lines  similarly  lettered.  It  will 
be  found  by  scaling  these  stress  lines  that  they  give  the  same 
results  as  previously  found. 


Fig.  111. 


Example  6. — The  cantilever  shown  in  fig.  110  is  composed  of 
equilateral  triangles,  a  side  of  each  triangle  being  8  feet.  A 
load  of  5  tons  rests  on  the  extremity  of  the  top  flange  and  a 
weight  of  7  tons  at  the  centre.  Determine  the  stresses  on  the 
girder, 

9  =  30%  sec  ^  =  M54,  tan  <?  =  0-577, 

d  =  depth  of  girder  =  JB^-  4«  -  6-93  feet. 

The  stresses  on  the  members  to  the  right  of  the  load  of  7  tons 
are  not  affected  by  this  weight. 
The  stresses  on  the  four  diagonals  to  the  right  of  the  central 
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load  are  eacb  equal  to±5  x  sec  ^=s  ±5*77  tons,  the  stresses  on 
A  J  and  BO  being  compressive  and  those  on  BA  and  DO 
being  tensile. 

The  stresses  on  the  diagonals  to  the  left  of  the  central  load 
are  each  equal  to  ±  (7  +  6)  sec  ^=  ±  13*848  tons,  those  on  E  D 
and  GF  being  compressive,  and  those  on  FE  and  HG  being 
tensile. 

The  stress  on  the  flanges  may  be  most  conveniently  deter- 
mined by  taking  moments  about  the  apices  in  succession,  from 
which  we  find — 

Sal  X  rf=5  X  4,  or  8^1.=  -   2*88  tons, 

SBjxrf=6x8,  orSBj  =  +   5-77  tons, 

ScLxrf=5xl2,  orScL=-   8*66  tons, 

SDjxrf=5x  16,  or  Sdj=  +11-56  tons, 

Skk  X  d  =  5  X  20  +  7  X  4,    or  Sbk  =  -  18*47  tons, 
Spj  xc?=5x24  +  7x8,    or  Spj  =  + 25*4  tons, 
Sqk  X  /:^=  5  X  28  +  7  X  12,  or  SoK  =  -  32*32  tons, 
ShjXc^-Sx  32  +  7x16,  orSH,=  +39*25  tons. 

Stress  Diagram. — Fig.  Ill  is  the  stress  diagram  for  this 
girder,  and  may  be  constructed  as  follows : — On  a  vertical  lino 
set  off  J  L  =  5  tons  and  L  K  =  7  tons.  The  diagram  of  stresses 
for  the  right  half  of  the  girder  is  constructed  in  the  manner 
explained  in  the  last  example.  When  we  reach  the  centre  apex 
of  the  girder  on  which  the  load  of  7  tons  rests  we  find  that 
there  are  five  forces  acting,  namely,  the  stresses  in  the  two 
diagonals,  those  on  the  two  bays  meeting  at  the  apex,  and  also 
the  vertical  load  of  7  tons.  The  dotted  line  DL  represents 
the  resultant  of  the  stresses  on  the  diagonal  D  0  and  the  bay 
0  L ;  and  the  dotted  line  D  K  represents  the  resultant  of  the 
stresses  on  these  two  members,  and  the  vertical  load  of  7  tons ; 
through  its  extremities  draw  D  E  parallel  to  the  diagonal  D  E 
and  K  E  parallel  to  the  bay  K  E,  these  two  lines  will  then 
represent  the  stresses  on  the  two  members.  The  remainder  of 
the  diagram  does  not  need  further  explanation. 

186.  Ganlilever  Loaded  Uniformly. — The  bottom  flange  of  the 
cantilever  shown  in  fig.  112  is  loaded  with  a  uniformly  distributed 
weight  of  P  resting  on  each  panel. 

This  load  may  l^  supposed  to  be  suspended  from  each  apex  of 
the  bottom  flange,  in  the  manner  shown.  The  end  apex  carries 
only  half  the  load  on  the  panel,  or  ^  P. 

Stresses  on  Diagonal8,^-l£  each  weight  be  supposed  to  act 
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alone  it  will  produce  stresses  equal  in  amount,  but  of  opposite 

sign,  on  all  the  diagonals  between  its 

point  of  application  and  the  abutment; 

and  the  amount  of  this  stress  is  equal 

to  the  weight  multiplied  by  the  secant 

of  the  angle  of  inclination  of  the  diagonal 

to  a  vertical  line. 

Thus  the  weight  ^  P  produces  a  stress  Fig.  112. 

=  ±  ^  F  sec  &  on  all  the  diagonals  of 

the  cantilever.  The  next  weight  produces  a  stress  of  ±  P 
sec  $  on  diagonals  3,  4,  5,  6,  7,  and  8.  The  third  weight  pro- 
duces a  stress  =  ±  P  sec  ^  on  the  diagonals  6,  6,  7,  and  8,  and  so 
on.  The  diagonals  to  the  right  of  a  weight  are  not  affected  by 
it.  Consequently,  when  all  the  weights  act  simultaneously  on 
the  girder,  the  total  stress  on  any  diagonal  is  obtained  by  adding 
together  the  stresses  due  to  each  individual  weight  when  acting 
alone. 

Table  XXXYI.  gives  the  stresses  on  the  diagonals. 


TABLE  XXXVI. 


Dlagonala, 

1 

s 

3 

3P        . 
-  — sec* 

4 

+.jP8ece 

5 
-jPaecfl 

6 
+J-P8ecff 

7 
-IPeecff 

8 

Generally  speaking,  if  ?i  =  number  of  the  weights,  P,  between 
any  diagonal  and  the  free  end  of  the  cantilever,  the  stress  on 
that  diagonal  is  represented  by 


=  w  P  sec  0, 


Thus,  for  diagonal  6, 


n  =  2J, 


Stresses  on  the  Flanges. — The  stresses  on  each  bay  of  the 
flanges  is  obtained  by  adding  together  the  stresses  produced  on 
such  bay  by  each  weight  when  it  acts  separately.  It  has  been 
shown  that,  with  a  single  weight,  P,  acting  on  the  extremity  of 
the  cantilever,  the  increment  of  stress  on  each  successive  bay  of 
a  flange  =  2  P  tan  ^.  When  all  the  weights  act  on  the  girder 
simultaneously,  the  increment  of  stress  on  each  successive  bay  ia 
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not  a  constant  quantity,  the  increment  increasing  with  each 
successive  bay. 

Let  n  =  number  of  the  bay  measured  along  its  flanges  from  the 
free  end  of  the  cantilever. 

Then,  for  the  bottom  or  loaded  flange,  the  stress  on  a  bay  is 
represented  by 

S„thw={w(n-l)  +  i}Ptand; 

and,  for  the  top  or  v/rdoaded  flange,  by 


SnuiUj  =  w2Ptaii^- 

Applying  these  formulre  to  the  example  under  consideration, 
we  get — 

TABLE  XXXVn. 

Flanges, 

A 

B 

0 

D 

E 

P 

Q 

H 

Streas, 

+^tan* 

4ptaa* 

+^|ptanff 

+?Pt«. 

-Ptantf 

-4Ptan« 

-9Ptui9 

-16Ptaii0 

These  stresses  on  the  flanges  may  be  verified  by  the  principle 
of  moments,  thus — 

Let  a  =  length  of  a  bay, 
d = depth  of  girder. 


tan  9  = 


2cf 


To  find  the  stress  on  the  bay  F,  for  example,  take  moments 
about  the  point  of  intersection  of  diagonals  4  and  5,  and  we 

get— 

p 
S,  X  (i  =  2  ^  2  a  +  P  a  =  2  P  a. 


orS|,  =  4P 


2rf' 


>4Ptan(?. 


In  the  same  way  the  stresses  on  the  other  bays  may  be 
verified. 

From  the  foregoing  description,  the  student  will  have  no 
difliculty  in  determining  the  stresses  on  a  cantilever,  when 
loaded  on  the  top  instead  of  the  bottom  flange. 

ExampU  1. — The  projecting  arm  of  a  swing  bridge  is  sup- 
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ported  by  two  Warren  cantilever  girders  40  feet  long  and  8*66 

feet  deep  of  the  form  shown  in  fig.  113. 

The  dead  load  of  the  bridge  =  li  tons 

per  foot  and  the  live  load  =  }  ton  per 

foot;  the  load  being  applied  by  cross 

girders  resting  on  the  top  apices  of  the 

main  girders.      Determine  the  stresses 

on  the  various  parts  of  the  cantilever.  Fig.  113. 

Dead  load  on  projecting  arm  =  40  x  1^  =  50  tons, 
Live      „  „  „    =  40  X  J  =  30  tons. 

The  total  distributed  load,  therefore,  on  bridge  =  80  tons. 

This  is  equivalent  to  a  load  of  40  tons  on  each  cantilever,  or 
10  tons  on  each  bay. 

Distributing  this  on  the  apices  we  get  a  load  of  10  tons  on 
each  apex,  except  the  end  one,  which  lias  a  load  of  5  tons. 

^  =  30'.         sec^  =  M54,        tan  <?  =  0-577,        P=  10  tons. 

The  stresses  on  the  diagonals  and  flajiges  may  be  found  from 
the  tables  last  given,  remembering  that  the  load  is  applied  at 
the  top  instead  of  the  bottom  flange. 


TABLE 

XXXVIII. 

DUgoaalt, 

AJ 

AB 

BO 

OD 

DE 

EF 

FG 

GH 

Tons, 

Tons. 

Tona. 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

StTMue, 

+677 

-6-n 

+17-81 

-17-31 

+28-85 

-28-86 

+40-40 

-404 

riADgeB, 

AK 

OL 

EM 

GN 

BJ 

DJ 

FJ 

HJ 

Tom. 

Tona. 

Tons. 

Tons. 

Tons. 

Tons 

Tons. 

Tons. 

Stranes, 

>S-88 

-14-40 

-8744 

-72-0 

+5-77 

+23-r8 

+61-88 

+92-82 

The  flange  stresses  may  also  be  found  by  the  method  of  moments. 
Thus,  to  find  the  stress  on  the  bay  of  the  bottom  flange  next  the 
abutment,  we  get,  by  taking  moments  round  the  point  of  inter- 
section of  the  diagonal  next  the  abutment  with  the  top  flange— 

Shjx  8-66  =  10  {10  +  20  +  30} +5x40  =  800, 
or  Sh  J  =  92-31  tons. 

187.  Warren  Girders  with  Vertical  Bracings.— Fig.  114  is  an 
example  of  a  Warren  girder  with  vertical  bracings  arranged  for 
a  load  resting  on  the  bottom  flange.     When  the  cross  girders  of 
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a  bridge  not  only  rest  on  the  apices  of  the  girder  but  also  on  the 
centres  of  the  bays,  bending  moments  are  produced  in  the  latter, 
which,  if  possible,  ought  to  be  avoided,  especially  if  the  bays  be 
long ;  the  vertical  braces  are  introduced  with  the  object  of 
preventing  this  bending  action.  When  the  load  is  carried  on 
the  bottom  flange  all  the  verticals  are  in  tension,  and  the  stress 
on  each  will  be  equal  to  the  load  transmitted  by  the  cross-girder. 
When  the  girder  shown  in  fig.  114  is  loaded  uniformly  on  the 
bottom  flange,  the  eflect  is  precisely  the  same  as  if  all  the  apices 
in  both  flauges  were  loaded,  and  the  method  of  calculating  the 
stresses  is  similar  to  that  already  explained. 

Example  8. — ^A  railway  bridge  carrying  a  double  line  is  90  feet 
span,  and  is  supported  by  two  main  Warren  girders  of  the  type 

shown    in    fig.    114;    the 

^  .^  V  (g)  bottom  booms  of  the  girders 

^^^^S!^/^sP/'^^^^^j^^\^/\  >f       Q-re  divided  into  six  bays 

of  15   feet  each,  and   the 
depth  of  the  girders  is   7 
Fig.  114.  feet  6  inches.     The   cross- 

girders  are  supported  on 
the  bottom  flange  and  are  spaced  7  feet  6  inches  apart,  resting 
on  the  apices  and  the  centres  of  the  bays.  If  the  dead  load  of 
the  bridge,  including  the  permanent  way,  be  equal  to  IJ  ton 
per  foot,  and  the  live  load  for  each  pair  of  rails  be  If  ton  per  foot, 
find  the  stresses  on,  and  draw  a  stress  diagram  of  the  main 
girders  when  the  bridge  is  fully  loaded. 

Dead  load  on  bridge  =  90x11=112-5  tons, 
Live  load  on  bridge  =  90  x  2|  =  247-5  tons. 

Total  load  on  both  main  girders  =  360  tons, 
Total  load  on  one  main  girder  =180  tons. 

This  is  equivalent  to  1 1  loads  of  15  tons  each  resting  on  the 

bottom    flange    of    each 
_^  J  girder;  and   as  the  ver- 

tical members  transmit 
the  loads  on  the  centres 
of  the  bays  to  the  top 
apices,  the  eflect  on  the 
^  girder  will  be  the  same 

Fig.  115.  as  if  5  loads  of  15  tons 

each  rested  on  the  bottom 
flange,  and  6  loads  of  the  same  amount  rested  on  the  top  flange, 
ftll  the  loads  being  applied  at  the  apices. 


^m 
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The  supporting  forces  at  each  abutment  =  82*5  tons. 
$  =  45**,        tan  ^  =  1,         sec  ^  =  1  -414. 

The  girder  being  loaded  symmetrically,  the  stresses  on  the 
right  half  are  precisely  the  same  as  those  on  the  left. 

Flanges. — The  stresses  on  the  flanges  are  most  readily  deter- 
mined by  the  principle  of  moments. 

Sal-  -   82-6  tons,' 

ScM= -202-5  „ 

S^  8= +2400  „ 

Skn=: -262-5  „ 

S,T  =  +  2700  „ 

Diagonals. — ^The  stresses  on  the  diagonals  may  be  found  by 
calculating  the  stress  on  each,  for  each  load  taken  in  succession, 
and  taking  the  algebraic  sum. 

In  order  to  distinguish  the  different  loads,  let  them  be  desig- 
nated by  Pj,  Pg,  P3,  (fee.  The  following  table  gives  the  stress  on 
each  diagonal  produced  by  each  load,  and  also  the  total  stress 
when  all  the  loads  act  simultaneously  : — 

TABLE  XXXIX.— Stresses  on  Diaoonai^. 


Diagonals. 

Pi 

P2         P. 

P4 

P. 

P. 

Pr 

Ps 

P. 

Pio 

B,i 

Total 
Siresa 

AW 

+19-44 

+17  C7  +16-00 

+1412 

+12-87 

+1060 

+8-88 

+7-07 

+5-80 

+8-£8 

+1-76 

+116-6 

AB 

+  1-76 

-17-67 -160 1 

-1412 

-12-87 

-10<0 

-8-83 

-707 

-5-80 

-8-58 

-1-76 

-  96-4 

BO 

-  1-76 

-  8-53  +16-0 

+1412 

+1287 

+10-60 

+  8-88 

+7-07 

+880 

+8-58 

+1-76 

+  74-2 

CD 

+  176 

+  8-58  +  fi-80 

-1412 

-12-87 

-10-60 

-8-88 

-7-07 

-6-30 

-8-58 

-1-76 

-  530 

DE 

-  1-76 

-  8fi3  -  6-80 

-  7-07 

+12-87 

+10-60 

+8-83 

+7-07 

+5-30 

+8-53 

+176 

+  81-8 

EF 

+  176 

+  8-58  +  6-30 

+  7-07 

+  8-88 

-10-60 

-8-88 

-7-07 

-5-30 

-8-58 

-1-76 

-  10-6 

It  will  be  seen  from  the  table  that  the  stresses  on  the  diagonals 
vary  from  10*6  tons  at  the  centre  to  116*6  tons  at  the  ends  of 
the  girder ;  and  that  the  increment  of  stress  for  each  diagonal  as 
we  approach  the  ends  is  21*2  tons,  or  twice  the  stress  on  the 
centre  diagonals.     It  will  also  be  observed  that  the  stress  oa 
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any  diagonal  is  equal  to  the  load  between  it  and  the  centre  of 
the  girder  multiplied  by  the  secant  of  the  angle  of  inclination 
which  the  diagonal  makes  with  a  vertical  line.  For  example, 
the  load  between  the  diagonal  B  0  and  the  centre  of  the  girder 
is  52*5  tons,  so  that 

Sbo=  52-5  X  sec  45"  =  74-2  tons, 

which  agrees  with  that  given  in  the  table. 

Fig.  115,  which  is  drawn  to  scale,  represents  the  stress  diagram 
of  the  girder. 


CHAPTER  XIY. 

BRA.OED  GIRDERS — continued. 

Lattice  Girders — ^Linville  Trusses. 

188.  DefinitioiL — The  term  "lattice  girder,''  in  its  most  general 
sense,  is  applied  to  all  braced  girders,  that  is,  girders  whose  webs 
are  composed  of  inclined  or  vertical  braces  or  lattices.  In  a 
more  restricted  sense,  however,  a  lattice  girder  is  usually  under- 
stood to  be  one  whose  web  is  composed  of  two  or  more  systems 
of  the  Warren  type.     Fig.  116  is  a  lattice  girder  of  a  double^ 


Fig.  llfi.  Pig.  117. 

system  of  triangulation.  One  system  being  alcdefg  and  the 
other  c^h-^c^d^ ^fjOy  Bach  of  these  forms  a  complete  Warren 
girder  in  itself  The  two  end  vertical  members,  a  o^  and  g  g^, 
are  called  the  end  posts  or  pillars,  and  they  serve  to  transmit 
the  upward  reactions  of  the  abutments  equally  to  the  two 
systems,  one-half  of  the  abutment  reaction  being  directly  trans- 
mitted through  the  vertical  pillar  a  Oj,  while  the  other  half  is 
resolved  along  the  diagonal  a  b, 

189.  StresBes  on  Lattice  Girders. — From  what  has  been  said 
on  the  subject  of  Warren  girders,  there  will  be  little  difficulty 
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in  determining  the  stresses  on  girders  of  this  lattice  type,  it 
being  only  necessary  to  consider  each  system  of  triangulation 
separately. 

When  a  lattice  girder  of  a  given  span  and  depth  is  loaded 
uniformly,  the  stresses  on  the  braces  are  inversely  proportional 
to  the  number  of  systems  of  triangles  in  the  web.  For  example, 
the  stresses  in  the  braces  of  a  girder  like  that  shown  in  fig.  116 
are  approximately  one-half  of  those  in  the  corresponding  braces 
in  a  girder  of  a  single  system,  or  Warren  girder;  while  in  a 
girder  of  a  quadruple  system,  like  that  shown  in  fig.  117,  they 
are  approximately  one-fourth  of  those  in  a  Warren  girder. 

Lattice  girders  usually  have  vertical  members  situated  at 
certain  intervals  along  the  girder.  These  are  introduced  with 
the  object  of  distributing  the  load  between  the  top  and  bottom 
fianges,  and  also  of  giving  lateral  stifihess  to  the  girder,  and 
need  not,  as  a  rule,  be  considered  in  calculating  the  stresses. 

The  flange  stresses  on  lattice  girders  may  be  determined  b^ 
the  method  of  moments,  but  the  calculation  of  the  stresses  by 
this  plan  is  not  so  simple  as  in  the  case  of  girders  with  a  single 
system  of  triangulation.  For  example,  let  us  consider  how  to 
determine  the  stress  on  the  bay  c-^^d  (fig.  116).  By  drawing  a. 
vertical  line,  A  B,  through  this  bay,  it  will  be  seen  that  the  por- 
tion of  the  girder  to  the  left  of  the  line,  A  B,  is  held  in  equi- 
librium— 

(1)  By  the  reaction  of  the  left  abutment ; 

(2)  The  vertical  loads  acting  on  o^  A  B  a; 

(3)  The  stresses  in  the  bays  c^d  and  c d^\  and 

(4)  The  stresses  in  the  diagonals  c  d  and  c^  dy 

And  in  order  to  determine  the  stresses  in  the  flanges  we  must 
first  know  the  stresses  in  the  diagonals.  If,  as  is  frequently  the 
case,  the  stresses  in  the  pair  of  diagonals  be  equal  to  each  other, 
then  the  moments  of  these  two  forces  neutralise,  so  that  they 
need  not  be  considered,  in  which  case  the  determination  of  the 
flange  stresses  is  a  simple  matter,  at  least  in  girders  of  this  type. 

In  dealing  with  lattice  girders,  no  matter  how  complicated  the 
system  of  triangulation,  the  readiest  method  of  determining  the 
stresses  is  by  drawing  a  stress  diagram  for  each  system  and 
adding  the  results  together. 

Hxample  1. — A  bridge  60  feet  span  is  supported  by  two  lattice 
girders  of  a  double  system  of  tnangulation.  The  girders  are 
10  feet  deep,  and  each  flange  is  divided  into  six  equal  bays  of 


Digitized  by 


Google 


'260  BRACED  GIRDERS. 

10  feet.  If  the  dead  load  on  the  bridge  be  equal  to  1 J  tons  per 
foot,  and  the  live  load  to  1  ton  per  foot,  determine  the  stresses 
on  the  girders  when  the  bridge  is  fully  loaded. 

Dead  load  on  bridge  =  60  x  1^  =   90  tons. 
Live        „  „      =  60  X 1   =  60    „ 

Total       „  „  =150     „ 

Total  load  on  each  girder        =   75     „ 

This  is  equivalent  to  loads  of  12*5  tons  resting  on  each  apex 
on  the  bottom  flange  (see  fig.  116). 

The  girder  may  be  supposed  to  consist  of  two  Warren  girders, 
namely,  a  h  cdefg  and  Oj  h-^  c^  d^  e^f^  g^,  the  first  being  loaded 
with  two  weights  of  12-6  tons  resting  at  the  points  c  and  6,  and 
the  second  being  loaded  with  three  weights  of  12*5  tons  resting 
at  ^1  c?i  and  /j. 

Considering  each  one  separately  we  get  for  the  first  system — 

S«j=  + 12-5  sec  6>=  +17-67  tons  =  S^^ 

Sj^=  -  12-5  sec  0=  -  17-67  tons  =  S,., 

Sc„  =  Srf.  =  zero, 

S.,=  -12-5tons  =  S.^ 

Sftd  =  +  25  tons  =  Srf^ 

S^.=  -25  tons; 

and  for  the  second  system — 

So, »,  =  -  18-75  sec  6>  =  -  26-61  tons  =  S/^^^, 
84^^=+  6-25  sec^  =  +8-83  tons  ■=  S,^^^, 


s.^  = 

-  6-25  sec  ^  = 

-8-83  tons  =  Stf^.^, 

s^.= 

+  18-75  tons  = 

=  ^ii^i» 

s,^  = 

-25  tons  =  Srf^,^, 

s..= 

+  31-25  tons. 

Having  thus  determined  the  flange  stresses  for  each  system 
separately,  we  must  add  them  together  where  the  stresses,  so  to 
speak,  overlap  each  other.  Thus,  for  example,  as  the  stress  on 
the  bay  6  cf  is  25  tons,  and  that  on  c^  e^  is  31-25  tons,  the  total 
stress  on  the  bay  c^  d  (which  is  common  to  both)  must  be  equal 
to  the  sum  of  these  stresses,  viz.,  56*25  tons. 

Table  XL.  gives  the  complete  stresses  on  the  girder. 
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It  will  be  noticed  that  in  this  example  the  stresses  on  the 
intersecting  diagonals  are  not  equal,  also  the  stresses  on  the  top 
and  bottom  bays  opposite  each  other  are  unequal.  This  in- 
equality will  be  removed  if  a  number  of  verticals  be  introduced 
into  the  girder.  The  function  of  these  verticals  is  merely  to 
distribute  half  the  loads  resting  on  the  bottom  apices  to  the  top 
apices,  and  also  to  give  external  stability  to  the  girder.  With 
-this  arrangement  the  girder  may  be  considered  as  loaded  with 
weights  of  6-25  tons  resting  on  both  the  top  and  bottom  apices, 
«nd  the  only  direct  stress  in  the  verticals  will  be  a  tensile  one 
equal  to  6*25  tons.  Of  course  this  is  the  theoretical  view  of  the 
•case,  and  the  assumption  is  a  convenient  one.  In  practice  it  is 
difficult  to  say  how  much  direct  stress  really  passes  along  the 
verticals.  This  question  is,  however,  practically  unimportant, 
■and  does  not  materially  affect  the  general  result.  We  may 
therefore  assume  that  each  of  the  Warren  trusses,  into  which 
the  girder  may  be  separated,  is  similarly  loaded,  there  being  5 
loads  of  6 '25  tons  resting  on  each.  The  stress  on  each  of  the 
end  pillars  will  be  15-625  tons,  and  Table  XLI.  gives  the  stresses 
on  the  lattices  and  flanges. 

The  advantages  derived  from  the  introduction  of  the  vertical 
members  is  apparent  by  comparing  Tables  XL.  and  XLI.  In 
the  first  the  maximum  stress  on  the  lattices  is  26*51  tons,  as 
against  22*09  tons  in  the  second  ;  while  the  maximum  stress  on 
the  flanges  is  56*25  tons,  as  against  53*125  tons. 


Girders  with  Inclined  and  Vertical  Bracing. 

190.  Linville  Trusses.— The  form  of  truss  shown  in  fig.  118  is 

generally  known  as  the  Lin- 
£H  A       ville  truss  from  the  name  of  its 


A  .  w  k  \uiG  truss  ironi  tne  name  ui  ivs 

A   1\  |L  'K    ^  a  J\  a  Jr  ^^^^^^^'     1*  is  a  very  useful 

\J\J\JN^  X  Ix  Ix    /  and  economical  form  of  girder, 

8    7     e  •  5     6     7     8  and   is   lareelv   used   both  in 


and   is  largely  used  both  in 

Fig.  118.  this  country  and  in  America, 

either  in  the  single  system  of 

•triangulation  (as  shown  in  the  figure),  or  in  the  double,  triple, 

or  quadruple  systems. 

When  this  truss  is  loaded  either  on  the  top  or  bottom  flange, 

the  vertical  braces  will  be  in  compression  and  the  inclined  ones 

in  tension.     In  this  respect  it  has  an  advantage  over  the  Warren 

girder,  as  it  is  always  best  to  have  the  long  braces  in  tension. 

If  the  truss  be  inverted  the  nature  of  the  stresses  on  the 
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bracings  will  be  reversed,  the  inclined  brace  being  in  compreBsion 
and  the  vertical  ones  in  tension.  It  is  unnecessary  to  remark 
that  a  girder  of  this  type  is  not  so  economical. 

191.  Linville  Truss  Loaded  with  a  Single  Weight  at  the 
Centre. — Let  the  girder  shown  in  fig.  118  be  loaded  with  a  single 
weight,  W,  resting  at  the  centre  of  the  top  flange. 

Let  e  =  angle  which  inclined  braces  make,  with  the  vertical. 

W 

Reaction  at  each  abutment  =  -^-. 

From  the  explanations  already  given,  it  is  evident  that  there 

W 
is  a  compressive  stress  equal  to  -^r  ^^  ^  ^®  vertical  members 

except  the  central  one  which  is  exposed  to  a  compressive  stress 
equal  to  W.  It  is  also  apparent  that  the  stresses  on  the  inclined 
bars  are   all   tensile  and   equal  to  each  other,  and   that  this 

stress  =  -^  sec  6, 

Flaiigea, — By  resolving  the  three  forces  acting  at  the  point  a, 
we  get — 

S«^=+  — tan^. 

W 

The  increment  of  stress  at  each  successive  apex  is  -^  tan  $. 

We,  therefore,  have  the  following  stresses  on  the  bays  : — 


TABLE  XLIL 

Flanges, 

di 

87 

43 

76 

82 

6ft 

21 

Streases, 

+^tMl« 

-^tan« 

+Wt»n« 

-Wtantf 

+1^^' 

-|wtana 

4-2WtMi« 

192.  Trass  Loaded  with  a  Single  Weight  at  any  Point— If  the 
weight  rest   at  the   apex   2^,       aP 
instead  of  at  the  centre,  the 
form  of  the  girder  will  be  as 
shown  in  fig.  1 19. 


i 


6       6      6, 

Fig.  119. 

The  stresses  on  the  vertical  braces  to  the  left  of  W  =  +  P. 
„  „  „  right     „      =  +  Q. 

„  inclined  „  left        „      =  -  P  sec  ^. 

„  „  „  right     „     =:-Qsec^. 

The  stress  on  the  vertical  brace  at  W  =  +  W. 
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The  stresses  on  the  flanges  are  given  in  Table  XLIII. 


TABLE  XLin. 


Top  Flange, 

a4 

43 

82 

21 

12,            2,8, 

«|4, 

4,6 

StnMSM,       . 

+Ptan* 

+2Pton0 

+8Pton0 

+4Ptaiif +6Ptan9|+8Qtan9 

4-2Qtanl 

+Qtan# 

Bottom  Flange. 

87 

76 

6A 

«i 

6,7, 

7i8, 

StiBne.,       . 

-Ptanf 

-aPtanf 

-8Ptaii0 

-4Ptaii9 

— 2QtAnr-Qtaii# 

Example  2. — A  Linville  truss  (fig.  120)  of  six  equal  divisions 
is  60  feet  span  and  10  feet  deep,  and  haa  a  load  of  8  tons  resting 
on  the  apex  10  feet  to  the  left  of  the  centre.  Determine  the 
stresses  on  the  truss  and  draw  a  stress  diagram. 

^  =  45",     tand=l,     sec  ^=1-414. 

Reaction  of  left  abutment  P  =  6-33  tons. 
„        right      „        Q  =  2-66  tons. 

The  stresses  are  given  in  Table  XLIY. 

The  stress  diagram  is  shown  in  fig.  121,  which  is  drawn  to 
scale. 


Example  3. — If  in  the  last  example  an  additional  load  of 
6  tons  rest  on  the  apex  10  feet  to  the  right  of  the  centre, 
determine  the  solution. 

Fig.  122,  which  is  drawn  to  scale,  represents  the  stress 
diagram.     By  scaling  we  get  the  results  given  in  Table  XLV". 
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193.  Linville  Trass  Weighted  mth  an  Evenly  Distribnted  Load. 
Case  I. — First  suppose  the  number  of  bays  to  be  even.  Fig.  123 
represents  a  Linville  girder  divided  into  8  equal  bays. 

Let  ^«  span  of  girder, 
a  =  length  of  each  bay, 
c?= depth  of  truss, 

^  =  angle  which  the  inclined  braces  make  with  the  vertical, 
P  =  external  load  on  each  panel 

Suppose  the  load  to  be  applied  to  the  top  flange  of  the  girder, 

we     have,     therefore,     down- 


p     p     p    p    p    p     p 

i     i     I     i     I     I     ^ 

<>4      at     flt      "«     ^t     tfi      rt4 


Fig.  123. 


ward  vertical  external  forces 
equal  to  P  acting  at  each  of 
the   apices   a^,  a^j  a^y  a^,  and 

p 
downward   forces   equal   to  ^ 

acting  at  each  of  the  end  apices 


The  vertical   reactions  of  the  abutments  at  b  and  6  =  4P5 
p 
but  as   TT  acts  downwards  at  a  and  a,  the  net  upward  reaction 

7  p. 
at  each  of  these  points  will  be  -^ 

Vertical  Posts, — By  reasoning  in  a  manner  similar  to   that 

already  used,  we  get  the  compressive  stress  on  the  centre  post 

Oj  6i  =  P.     One-half  of  this  stress  is  communicated  by  means  of 

the  inclined  braces  b^  a^,  b^  a^  to  each  of  the  posts  a^  63  and  a^  h^, 

and  these  posts  have  in  addition  the  stresses  P,  P  which  are 

communicated  directly  to  them  by  the  loads  on  the  apices  at 

^2>  «2»  ^^  *^*^^  *^®  total  compressive  stress  on  each   of  these 

3 
posts  =  -5  P-     In  the  same  way  it  may  be  shown  that  the 

5 
total  compressive  stress  on  each  of  the  verticals  a^b^=  ^P, 

»  II  II  ^4^4~2*» 

„  a6    =4P.     ' 

Diagonal  Braces, — The  stress  on  each  of  the  diagonal  braces 

arising  from  the  central  weight  P  =  —  ^^  sec  ^. 
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The  stresses  on  each  of  the  diagonals  Ka^j  h^a^  and  b^a,  arising 
from  the  weights  resting  at  each  of  the  apices  Og  and  ag  =  -  P 
see  e.  These  weights  do  not  affect  the  central  diagonals  b^  a^.  The 
stresses  on  each  of  the  diagonals  b^  a^  b^  a^,  and  b^  a  arising  from 

p 
the  three  central  weights  will  therefore  be  equal  to  -  3  -x-  sec  9. 

In  the  same  way  it  may  be  shown  that  the  weights  at  each  of 
the  points  a^  and  a^  add  an  increment  of  stress  to  the  diagonals 
b.^a^  and  b^a,  while  they  do  not  affect  the  diagonals  between 
tliese  points  and  the  centre  of  the  girder. 

Again,  the  weights  at  the  apices  a^  and  a^  affect  only  the  two 
end  diagonals^  giving  to  them  an  additional  stress  =  P  sec  0,  By 
adding  together  all  the  stresses  produced  on  a  diagonal  by  the 
different  weights  we  get  the  tptal  stress  on  this  diagonal. 

FUmges,  —  The  stresses  on  the  flanges  may  be  found  in  a 
similar  manner  to  that  explained  for  Warren  girders,  so  that  it 
is  not  necessary  to  repeat  the  process.  The  maximum  stress 
occurs  in  the  two  central  bays  of  the  top  flange  and  equals 
8  P  tan  0.  The  minimum  stress  occurs  at  the  two  end  bays,  b  6^, 
of  the  bottom  flange,  and  is  equal  to  zero. 

Theoretically,  the  truss  is  complete  without  these  bays,  and 
also  without  the  two  end  vertical  posts  a  b ;  but  practical  con- 
siderations are  usually  in  fiavour  of  their  retention. 

The  stresses  on  the  girder  are  given  in  Table  XL VI.  The 
load  being  symmetrical,  the  stresses  on  the  two  halves  of  the 
girder  are  the  same. 

If  the  loads  rest  on  the  bottom  apices  the  stresses  on  the 
different  members  of  the  girders  will  be  exactly  the  same,  except 
those  on  the  vertical  posts,  the  stresses  in  each  of  these  being 

p 
diminished  by  the  amount  -^c ;  there  will  be  no  stress  on  the 

central  post,  which  consequently  will  not  be  required. 

In  the  general  case  where  ?i  =  number  of  bays  in  the  truss,  the 

n-l 
reaction  at  each  abutment  x=  — —  P. 

The  stresses  on  the  vertical  posts,  reckoning  from  the  centre 
towards  the  ends,  with  girders  loaded  on  the  top,  are — 

P  ^P  £p  Iv  -P 

'         2     '         2     '         2     '     '    "    "     2 

The  stresses  on  the  diagonal  braces,  reckoning  the  same 
way,  are : — 
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13  5  7 

5  P  sec  ^,        ^F  sec  0,       ^F  aeo$.        ^  P  sec  9, 

-    -    -    — ^—  P  80C  e. 

The  stresses  on  the  flanges,  reckoning  from  the  abutments 
towards  the  centre,  and  neglecting  the  first  baj  in  the  bottom 
flange  on  which  there  is  no  stress,  are : — 

^Ptan^,        (n-2)Ptan^,         ^i!^)  P  tan  ^, 

2(n-4)Ptan^,     -    -    -    !^  tan  ^. 

These  expressions  for  the  flange  stresses  are  found  by  taking 
moments  about  the  apices.  For  example,  to  find  the  stress  in 
the  third  bay  in  the  top  flange,  we  get — 

If  the  girder  contain  16  equal  bays,  the  stress  in  the  centre 
bay  of  the  top  flange  =  —^  tan  ^  =  32  P  tan  0. 

194.  Case  II. — If  the  girder  be  divided  into  an  odd  number  of 
bays,  as  shown  in  fig.  124,  both  its  construction  and  the  stresses 
on  it  will  be  slightly  modified.     Theoretically,  there  is  no  neces- 

*r  r  r  f  r  f  ?  f  f  *? 

a      Ot     g«     tft     fli     flt     fli     <^     g*     g 

Fig.  124. 

sity  for  any  diagonal  braces  in  the  centre  bay  of  the  girder  with 
a  uniform  load.  It  is  customary,  however,  to  insert  two,  as 
shown  by  the  dotted  lines  a^  b  and  a^  b^. 
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The  stresses  on  each  of  the  central  verticals  a^  h^  and  o^  b^  wiU 
be  equal  to  P,  and  the  increment  of  stress  on  each  of  the  others 
taken  in  succession  towards  the  abutments  will  be  equal  to  P. 

Table  XLVII.  gives  the  stresses  for  the  girder. 

If  the  load  rest  on  the  bottom  flange  the  stress  in  each  of 
the  vertical  members^  except  those  over  the  abutments,  is 
diminished  by  the  amount  P,  while  the  stress  in  eaoh  of  the  end 
verticals  is  diminished  bj  ^  P. 

Fig.  125  represents  a  form  of  Linville  truss  which  is  commonly 
employed  for  bridges  of  large  span.  The  inclined  braces,  instead 
of  joining  the  top  of  one  vertical  stay  to  the  foot  of  the  next,  is 
carried  to  the  foot  of  the  next  but  one.  This  converts  the  girder 
into  two  simple  Linville  trusses,  the  number  of  the  diagonal 
and  vertical  braces  being  doubled,  and  the  stresses  on  them 
reduced  to  one-half  of  what 
they  would  be  if  only  a 
single  system  were  em- 
ployed. 

If  this  girder  be  loaded 
uniformly  along  the  bottom 
flange  by  weights  equal  to  P  resting  at  each  apex,  Table  XLVIIL 
will  give  the  stresses  on  the  various  members  of  the  truss. 

With  a  uniform  dead  load  there  is  no  stress  on  the  diagonal 
braces  shown  by  dotted  lines  at  the  centre  of  the  girder ;  how- 
ever, with  a  rolling  load  they  are  subject  to  stresses,  and  are 
consequently  introduced. 

Example  3. — ^A  bridge,  100  feet  span,  is  carried  by  a  pair  of 
Linville  trusses,  each  of  which  is  10  feet  deep  and  divided  into 
10  equal  bays.  If  the  weight  of  the  bridge  fully  loaded  be  equal 
to  2  tons  per  foot  equally  distributed,  determine  the  stresses ; 
the  load  resting  on  the  top  flange. 

Total  load  on  the  bridge  =  100  x  2  =  200  tons, 
„  „      each  girder  =  100  x  1  =  100  tons. 

This  is  equivalent  to  a  load  of  10  tons  for  each  panel,  or  9  weights 
of  10  tons  each  resting  on  the  bottom  apices,  and  2  weights  of 
5  tons  each  resting  directly  over  the  abutments. 

The  net  upward  reaction  at  each  abutment  =  45  tons. 
The  inclination  of  the  diagonal  braces  to  the  vertical  =  45^ 

sec  45"  =  1-414;         ten  45°  =  1. 
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The  stresses  are  given  in  Table  XLIX. 
TABLE  XLIX. 


Vertical  Posta, 

AB 

CD 

EF 

GH 

III 

Streaaes, .    .    . 

+45-0 

+35-0 

+25-0 

+  160 

+  100 

Diagonal  Braces, 

AO 

BC 

DE 

FO 

HI 

Stresses,  .    .     . 

-63-63 

-49-49 

-35-36 

-21-21 

-707 

Top  Flange,      . 

AJ 

CK 

EL 

GM 

IN 

Stresses,.     .    . 

+  45-0 

+80-0 

+  105  0 

+  120  0 

+  126  0 

Bottom  Flange, 

BO 

DO 

F  0 

HO 

Stresses, .    .    . 

-45-0 

-800 

-105-0 

-1200 

Example  4. — A  railway  bridge,  80  feet  span,  is  carried  by  a 
pair  of  Linville  girders  8  feet  deep  and  divided  into  10  equal 
•divisions.     A  uniform  dead  load  of  80  tons  is  distributed  over 


tB.«  io/ts 


a\Jo\e 


^J|/ 


)M(J) 


%t 


Nrt)0(i)0,(t)N,( 
Fig.  126. 


2S^T 


'the  platform  which  rests  on  the  bottom  booms  of  the  girders. 
A  rolling  load  consisting  of  a  train  of  waggons  weighing  1  ton 
per  foot  comes  on  the  bridge  from  the  lef^  to  a  distance  of  32 
feet,  thereby  covering  four  bays  of  the  girder.  Draw  the  stress 
diagram — 

Dead  load  on  bridge        =  80  tons, 
„  one  girder  =  40  tons. 

This  is  equivalent  to  a  weight  of  4  tons  on  each  panel 

Live  load  on  bridge  =  32  x  1  =  32  tons, 
„         each  girder       =16  tons. 

This  is  equivalent  to  4  tons  on  each  of  the  four  panels  to  the 
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left  of  the  girder,  so  that  the  total  load  on  eaoh  of  the  four 
panels  to  the  left  =  8  tons, 
and  that  on  each  of  the 
other  six  panels  =  4  tons. 

This  distribution  of 
load  is  equivalent  ta  three 
weights  of  8  tons  resting 
at  the  feet  of  the  three 
pillars  next  the  left  abut- 
ment —  excluding  that 
directly  over  it  —  one 
weight  of  6  tons  resting 
at  the  foot  of  the  fourth 
pillar,  and  five  weights  of 
4  tons  resting  at  the  feet 
of  the  other  pillars. 

The  net  reaction  of  the  left  abutment  from  the  dead  load 
==18  tons  and  from  the  live  load=  10*8  tons,  so  that  the  total 
vertical  reaction  of  the  left  abutment  =  28*8  tons. 

The  reaction  at  the  right  abutment  is  18  tons  for  the  dead  load 
and  3*2  tons  for  the  live  load,  or  a  total  of  21*2  tons. 

Stre88  Diagram, — Fig.  126  represents  the  girder,  and  ^g,  127 
the  stress  diagram.  To  construct  the  latter  take  the  vertical 
line  A  A^  =  50  tons,  the  total  load  resting  on  the  bottom  flange, 
excluding  the  portions  carried  directly  by  the  abutments.  Set 
off  A  P  =  28'8  tons,  the  reaction  of  the  left  abutment ;  and 
>  21*8  tons,  the  reaction  of  the  right  abutment.  Set  off 
L  M  =  M  N  =  8  tons,  N  O  =^  6  tons,  and  O  O^  =  O^  N^ 


Fig.  127. 


A,P: 

AL  = 


=  Nj  M,  =--  Ml  Lj  =  Lj  Ai  =  4  tons. 

The  diagram  is  constructed  in  the  usual  manner,  and  its 
accuracy  is  verified  by  its  being  found  to  close,  the  last  line 
drawn,  viz.,  B^A^,  parallel  to  the  last  diagonal,  B^A^  coming 
exactly  to  the  point  A^. 

By  scaling,  the  following  values  (see  Table  L.)  will  be  found 
for  the  stresses  on  the  different  members  of  the  girder.  The 
correctness  of  the  results  may  be  checked  analytically  in  the 
way  already  explained. 

It  will  be  noticed  that  the  effect  of  the  rolling  load  coming  on 
the  girder  from  the  left  abutment  is  to  put  a  compressive  stress 
on  the  diagonal  brace  I  J,  and  a  tensile  stress  on  the  vertical 
pillar  H  I.  All  the  other  diagonals  and  verticals  being  exposed 
to  tensile  and  compressive  stresses  respectively,  except  the 
vertical  J  J^,  which  has  no  stress. 

If  the  rolling  load  come  on  the  bridge  from  the  opposite 

18 
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direction,  there  will  be  a  compressive  stress  of  1*7  tons  on 
diagonal  I^  J^,  and  a  tensile  stress  of  1*2  tons  on  the  vertical 
I^  Hy  As  the  diagonal  braces  of  girders  of  this  description  are 
usually  made  of  flat  bars,  which  are  not  adapted  to  transmit  a 
compressive  stress,  it  will  be  necessary  to  use  counterbraces  at 
the  centre  of  the  girder,  as  represented  by  the  dotted  lines. 
These  latter  relieve  the  diagonal  braces  at  the  centre  of  any 
compressive  stress  by  themselves  transmitting  tensile  stresses. 

If  the  rolling  load  compared  to  the  dead  load  be  relatively 
larger  than  that  given,  as  would  be  the  case  with  a  double  line 
of  railway,  other  diagonal  braces  besides  the  two  centre  ones 
may  be  subjected  to  compressive  stress,  and  ooiisequently  extra 
counterbracing  will  be  necessary. 

Example  5. — If,  in  the  last  example,  the  rolling  load  coming 
on  the  bridge  consist  of  a  single  weight  of  30  tons,  traversing  it 
centrally  from  one  end  to  the  other,  determine  the  maximum 
stresBes  on  each  member  of  the  girders  in  its  progress. 

Suppose  the  load  to  traverse  the  bridge  from  left  to  right. 
The  maximum  stresses  on  the  bays  P  B  and  0  L  will  occur  when 
the  load  of  15  tons  (half  of  30  tons)  rests  on  the  first  apex  of  the 
bottom  flange,  reckoning  from  the  left  abutment. 

The  maximum  stresses  on  the  diagonal  A  B  and  the  vertical 
B  0  will  also  occur  when  the  load  occupies  this  position. 
Similarly,  when  the  load  rests  on  the  second  apex,  the  maxi- 
mum stresses  will  occur  on  the  members  P  D,  E  M,  0  D,  and 
D  E;  and  so  on. 

Table  LI.  gives — 

1.  The  stress  on  each  member  from  the  dead  load. 

2.  The  maximum  stresses  for  the  rolling  load. 

3.  The  total  maximum  stresses  arising  from  the  dead  and 

live  loads  combined. 

This  forms  a  most  excellent  example  of  the  efi*ect  of  rolling 
loads  on  lattice  girders,  and  a  careful  study  of  it  will  well  repay 
the  attention  of  the  student. 

It  will  be  noticed  that  with  both  loads  it  will  only  be  neces- 
sary to  counterbrace  the  two  centre  bays.  If  the  dead  load, 
however,  be  very  small  compared  with  the  rolling  load,  it  would 
be  necessary  to  counterbrace  all  the  bays,  with  the  exception  of 
the  two  end  ones,  so  that  the  girder  would  be  practically  a  double 
Warren  girder.  The  Linville  truss  is,  therefore,  unsuitable  for 
small  spans  carrying  a  heavy  rolling  load.  In  large  railway 
bridges,  however,  where  the  dead  load  forms  a  large  proportion 
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of  the  total  load,  it  forms  a  suitable  structure,  especially  in  the 
form  shown  in  fig.  1*25.  In  such  cases  it  is  only  necessary  to 
counterbrace  a  few  of  the  central  bays. 


CHAPTER  XV. 

BRACED  GIRDERS — corUimted. 

Braced  Girders  with  Curved  Flanges. 

195.  The  braced  girders  hitherto  considered  have  parallel  flanges, 
and  this  is  the  most  common  form.  There  is  another  class  which 
have  one  or  both  flanges  curved  or  oblique,  such  girders  being 
frequently  used  in  preference  to  those  with  parallel  flanges  on 
account  of  their  more  graceful  appearance,  their  harmony  with 
surrounding  structures,  or  for  some  other  reason. 

In  some  designs  the  bottom  boom  is  straight,  and  the  top 
curved,  while  in  others  the  top  is  straight  and  the  bottom  curved 
either  concavely  or  convexly ;  in  some  other  cases  both  top  and 
bottom  booms  are  curved  or  polygonal. 

196.  Galcalation  of  Stresses  in  Braced  Girders  with  Curved 
Flanges. — We  have  seen  that  in  braced  girders  with  straight, 
parallel  flanges  the  stresses  throughout  the  girder  may  be  easily 
calculated  by  the  aid  of  simple  algebraic  formulae,  as  well  as  by 
means  of  stress  diagrams.  In  the  girders  we  are  now  consider- 
ing, algebraic  formulae  cannot  be  conveniently  applied,  on  account 
of  the  varying  angles  of  inclination  of  the  several  parts  of  the 
structure,  and  it  will  be  necessary  to  have  recourse  to  carefully 
constructed  stress  diagrams  in  order  to  determine  the  stresses, 
at  the  same  time  checking  the  results  thus  obtained,  when 
practicable,  by  moments  or  other  analytical  methods. 

197.  Bowstring  Girders. — The  most  common  form  of  curved 
braced  girder  is  that  in  which  the  bottom  boom  is  straight  and 
the  top  curved ;  this  is  known  as  the  <'  bowstring  girder,"  and 
the  load  is  carried  on  the  bottom  boom.  One  advantage  possessed 
by  this  type  is  that  the  stresses  on  the  diagonals  are  small,  a 
large  portion  of  the  shearing  stress  being  taken  up  by  the  curved 
boom.  This  advantage  is  intensified  in  large  girders  with  long 
unsupported  struts,  which  latter  are  always  an  expensive  item. 

In  calculating  the  stresses  on  curved  girders  it  is  assumed 
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that  the  portions  of  the  curve  between  two  adjacent  apices  are 
straight  lines,  so  that  the  boom,  instead  of  being  a  regular  curve, 
is  polygonal  in  form.     This  assumption  does  not  materially  aflect 


Fig.  128. 

the  value  of  the  stresses,  especially  if  the  apices  be  tolerably  close 
together. 

£xample    1. — ^A    bowstring  girder    of   a    single    system    of 
triangulation  is  80  feet  span,  and  10  feet  deep  at  the  centre. 


A  o. 


Fig  129. 

The  bottom  boom  is  divided  into  eight  equal  bays  of  10  feet 
each.  Determine  the  stresses  on  the  girders  if  a  load  of  20  tons 
be  suspended  from  the  centre  of  the  bottom  boom. 


Kg.  laa 

Fig.  128,  which  is  drawn  to  scale,  represents  the  girder.     The 
top  ^ys  are  all  supposed  to  be  equal  to  each  other,  except  the 
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two  end  ones,  which  are  one -half  the  others.  The  stress- 
diagram  is  shown  in  fig.  129,  which  is  ako  drawn  to  scale. 

The  stresses  on  the  girder  are  given  in  Table  LIL,  the  correct- 
ness of  which,  it  must  be  remembered,  depends  on  the  aeoarmcy 
with  which  the  diagram  is  drawn. 

It  will  be  noticed  that  the  lines  A B,  CD,  E F,  and  G H, 
which  are  drawn  downtoards,  represent  tensile  stresses;  while 
B  C,  D  E,  and  F  G,  which  are  drawn  upwardsy  represent  com- 
pressiye  stresses. 

TABLE  LIL 


ITanges,    . 

iA 

LB 

LD 

LF 

LH 

AJ 

CJ 

KJ 

GJ 

Btress  in  ) 
Tona,       { 

+22-6 

+24-6 

+  27-8 

+  32-8  +40-8 

-20-2 

-24-0 

-28-5 

-as^e 

Diagonal    \ 
Braces,    / 

AB 

BC 

CD 

DE 

EF 

FG 

GH 

Stress  in  \ 
Tons,      / 

-8  2 

+  1-8 

-4-4 

+3-6 

-7-2 

+70 

-11-2 

It  will  be  noticed  that  the  maximum  flange  stress  occurs  at 
the  centre  bay  of  the  top  flange  and  the  minimum  flange  stresses 
occur  at  the  two  end  bays  of  the  bottom  flange.  It  will  also  be 
observed  that  the  difference  of  the  flange  stresses  in  the  several 
bays  is  not  nearly  so  great  as  in  a  girder  with  parallel  flanges 
similarly  loaded. 

The  stresses  in  the  diagonal  braces  are  also  very  different  to 
those  in  a  warren  girder  with  a  central  load.  In  the  latter,  as 
has  been  shown,  the  stresses  in  the  braces  are  constant  through- 
out the  girder,  while  in  the  bowstring  girder  they  decrease  from 
the  centre  towards  the  ends,  though  not  in  any  fixed  ratio.  It 
will  also  be  seen  that  the  compressive  stresses  in  these  bars  are 
much  smaller  than  the  tensile  stresses. 

The  flange  stresses  may  be  checked  by  the  method  of  moments. 
Thus,  for  the  centre  bay  of  the  top  flange,  we  get — 

S  X  9-85  =  10  X  40,  or  S  =  40*6  tons, 

which  result  agrees  very  closely  with  that  as  found  from  the 
diagram. 

108.  Professor  Bitter's  Method  of  Moments. — The  principle  of 
Professor  Ritter's  method  of  moments,  or  as  it  is  sometimes 
called  "  method  of  sections,"  may  with  advantage  be  applied  to 
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determine  the  stresses  on  structares  similar  to  those  we  are  at 
present  considering.  This  principle  is  merely  an  amplification 
of  the  ordinary  method  of  moments  which  has  already  been 
frequently  used.  By  it  we  can  determine  the  stresses,  not  only 
in  the  flanges  of  a  bowstring  girder,  but  also  in  the  lattice  bars. 

The  principle  may  be  applied  by  drawing  ''  lines  of  section  '* 
cutting  the  truss  in  not  more  than  three  of  its  members.  These 
lines  of  section  divide  the  truss  into  two  parts,  one  of  which  is 
supposed  to  be  removed,  and  the  external  forces  acting  on  the 
other  portion  alone  are  considered. 

The  stress  on  any  one  of  the  three  members  cut  by  the  line  of 
section  may  be  found  by  taking  moments  round  the  point  of 
intersection  of  the  other  two.  Adopting  this  plan,  it  will  be 
seen  that  the  moments  of  the  stresses  on  the  members  which 
meet  at  the  point  above  indicated  become  zero;  and  it  only 
becomes  necessary  to  equate  the  moment  of  the  stress  on  the 
third  member  to  the  algebraic  sum  of  the  moments  of  the  exter- 
nal forces  acting  on  the  portion  of  the  truss  considered. 

For  example  (in  fig.  128),  draw  the  sectional  line  a  b  cutting 
the  three  members  LD,  DE,  and  EJ.  The  portion  of  the 
girder  to  the  left  of  a  6  is  held  in  equilibrium  by  the  stresses  on 
L  D,  D  E,  and  E  J,  and  by  the  external  force  represented  by  the 
reaction  of  the  left  abutment.  To  find  the  stress  on  L  D,  we 
must  take  moments  about  5,  the  point  of  intersection  of  the 
other  two ;  thus — 

SldX  7-2  =  10x20, 
Si.D  =  27-8  tons. 

To  find  the  stress  on  E  J,  take  moments  about  6,  the  point  of 
intersection  of  L  D  and  D  E ;  thus — 

S„x  8-75  =  10x24-94, 
Sbj  =  28-5  tons. 

To  find  the  stress  on  D  E,  take  moments  about  x,  the  point  of 
intersection  of  L  D  and  E  J ;  thus — 

Si)Bxa;a?j  =  10xa;l, 
or  Sd.x  26-5  =  10x9-7, 
•  *.  S]>s==3*66  tons. 

It  will  be  seen  that  the  stresses  thus  found  agree  with  those 
obtained  from  the  stress  diagram. 
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'An  advantage  which  this  method  possesses  over  the  graphic 
system  is  that  the  stress  on  any  member  may  be  found  directly 
-without  going  to  the  trouble  of  finding  those  on  all  the  members 
which  precede  it. 

ExampU  2. — Determine  the  stresses  on  the  bowstring  girder 
in  the  previous  example,  if  an  additional  weight  of  10  tons  bo 
suspended  on  the  second  bottom  apex  measuring  from  the  right 
abutment. 

In  this  case  the  reaction  of  the  left  and  right  abutments  are 
12*5  and  17*5  tons  respectively. 

In  fig.  130,  on  a  vertical  line  make  JL  =  12'5  tons,  and 
LM=17'5  tons;  J  K  =  weight  of  20  tons,  and  KM  =  weight 
of  10  tons.  This  figure,  which  is  constructed  in  a  manner  similar 
to  fig.  129,  represents  the  stress  diagram,  the  portion  above  the 
line  LH  giving  the  stresses  on  the  left  half  of  the  girder,  and 
that  below  L  H  those  on  the  right  half. 

By  scaling  we  get  the  following  table  of  stresses  for  the 
girder : — 

TABLE  Lm. 


Top  Flange, 

LA 

LB 

LD 

LP 

LH 

LFi 

LDi 

LBi 

LAi 

Stress  in 
Tons, 

+  28-2 

+308 

+  34-7 

+410 

+  51-0 

+46-6 

+48-6 

+  431 

+  39-3 

Bottom      \ 
Flange,  f 

Stress  m    \ 
Tons,      t 

AJ 
-26-2 

CJ 
-300 

EJ 
-36-7 

GJ 
-44-5 

GiK 
-47  0 

EiK 
-44-4 

CiM 
-421 

AiM 
-36-3 

Diagonal 
Braces, 

AB 

BC 

CD 

DE 

BF 

FG 

GH 

Stress  in 
Tons, 

-40 

+2-3 

-6-6 

+4-6 

-9-0 

+  8-8 

-14-0 

Diagonal 
Braces,    ' 

HGi 

GiFi 

FiB, 

BiDi 

DiCi 

CiB, 

BiAi 

Stress  in   ' 
Tons,     / 

-8-4 

+2-4 

-2-5 

-6-0 

-7-8 

+3-2 

-6-5 

The  student  should  check  these  results  by  Ritter's  method  of  moments. 

199.  Bowstring  Girder  Uniformly  Loaded. — Suppose  the  girder 
shown  in  fig.  128  to  be  uniformly  loaded  with  a  distributed  live 
load  of  1^  tons  per  foot.  This  is  equivalent  to  12^  tons  acting  at 
each  apex  of  the  bottom  flange,  with  the  ezoeption  of  the  two 
over  the  abutments  at  which  6^  tons  act. 

The  net  upward  reaction  at  each  abutment  =  43*75  tons. 

It  will  form  an  instructive  exercise  for  the  student  to  determine 
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the  stresses  produced  on  each  member  of  the  structure  by  each 
load  of  12^  tons  acting  separately ;  by  taking  the  algebraic  sum  of 
the  stresses  so  found,  he  will  ^et  the  total  stress  on  each  member 
when  the  girder  is  fully  loaded. 

If  Wj,  Wg,  W3,  <fec.,  represent  the  loads  of  12*5  tons  acting  at 
the  apices  taken  in  succession  from  the  left  abutment,  Tables 
LIV.  and  LV.,  which  are  lettered  to  suit  fig.  131,  will  represent 
the  stresses  on  one-half  the  girder. 

When  the  total  load  is  acting,  the  stresses  on  all  the  braces  are 
tensile,  but  when  certain  bays  only  are  loaded  this  is  not  «D. 
The  tables  help  us  to  find  the  stresses  produced  on  each  member 
of  the  girder  when  the  rolling  load  gradually  comes  on  from  one 
end  and  passes  over  it.  It  will  be  seen  that  ail  the  diagonal 
braces  except  the  two  end  ones  are  exposed  in  this  passage  of  the 
load,  to  both  compressive  and  tensile  stresses.  If,  in  addition  to 
the  live  load,  there  be  a  dead  load  on  the  girder  equal  to  1 J  tons 
to  the  foot,  the  ei(»ht  centre  braces  alone  will  be  exposed  to  both 
compressive  and  tensile  stresses  during  the  passage  of  the  rolling 
load,  the  others  being  exposed  to  tensile  stresses  alone.  In  such 
case  it  will  be  necessary  to  counterbrace  those  central  braces 
only.  In  bowstring  girders  of  large  span  where  the  dead  load 
bears  a  large  proportion  to  the  live  load  very  little  counterbracing 
will  be  required. 

JExample  3. — A.  bridge  carrying  a  double  line  of  railway  is  100 
feet  span,  and  is  supported  by  two  main  girders  of  the  Bowstring 

type  (see  ^g.  131).   Each 

girder  is    divided    into 

eight  equal  bays  of  12 

feet   6   inches,   and  the 

depth  at  the  centre  is  12 

feet    6    inches.     If  the 

deadweight  of  the  bridge 

Fig.  131.  be  equal  to  70  tons,  and 

each  train  load  be  equal 

to  1^  tons  per  foot,  determine  the  stresses  on  the  main  girders 

when  the  bridge  is  fully  loaded  with  two  trains. 


Dead  load  on  bridge,  . 

=  70  tons. 

live     „            „ 

.    =100x2-5=250    „ 

Total    „ 

.        .        .     =320    „ 

n       »          oao  girder, 

,     .        .        .     «1W    „ 
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This  is  equivalent  to  20  tons  resting  at  each  apex  of  the  bottom 

flange,     and     10     tons 
A  coming  direct  on   each 

abutment. 

Bestction  at  each  abut- 
ment =70  tons. 

The  stress  diagram  for 

the  lefb  half  of  the  girder 

is  shown    in    fig.    132, 

which  is  drawn  bo  scale, 

^*«'  1^  that  of  the   other  half 

being  exactly  the  same. 

It  is  constructed  by  taking  the  vertical  line  J  0  =  70  tons,  and 

making  J  K  =  K  L  =  LM  =  20  tons,  and  M  0  =  10  tons. 


Table  LVI.  gives  the  value  of  the  stresses. 

Method  of  Moments,— It  will  be  a  useful  exercise  for  the  student 
to  check  the  results  given  in  the  table  by  Eitter's  method  of 
moments. 

For  example,  by  drawing  a  sectional  line  a  h  (fig.  131)  we  get, 
by  taking  moments  round  the  second  bottom  apex 

So D X  90  =  70 X  25 - 20 X  12-5 ; 
or  SoD  =  166-6  tons. 

Taking  moments  about  the  third  top  apex  we  get 

S.^  X  10-7  =  70  X  30-25  -  20 (5-5  -  18-0) ; 
or  Sbl=  1540  tons. 
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To  find  the  stress  on  the  diagonal  D  E  take  moments  about 
the  point  of  intersection  of  O  D  and  E  L  produced. 

Sdbx  33  =  70x12-20(24-5  +  37); 
or  SDa=  -  11-8  tons. 

These  results  agree  with  those  found  from  the  stress  diagram 
as  nearly  as  can  be  expected  considering  the  smallness  of  the 
acala 

J^icample  4. — In  the  last  example  determine  the  stresses  when 
the  live  load  covers  the  lefl  half  of  the  bridge  only. 

In  this  case  the  distribution  of  load  is  equivalent  to  three 
loads  of  20  tons  each  resting  on  the  three  apices  to  the  lefb  of 
tlie  centre,  one  load  of  12-1875  tons  resting  on  the  centre  apex, 
and  three  loads  of  4*375  tons  resting  on  the  three  apices  to  the 
right  of  the  centre. 

The  upward  reaction  at  the  lefb  abutment  =  54  375  tons, 
The  upward  reaction  at  the  right  abutment  =  30  9375  tons. 

In  order  to  construct  the  stress  diagram  (fig.  133),  draw  the 
vertical  line  J  J^s  85*3124  tons,  the  total  weight  resting  on  the 
seven  apices.  Set  off  J  K  =  K  L  =  L  M  =  20  tons,  M  M^  =  12*1875 
tonSy  and  Mj  Lj  =  L^  Kj  =  K^  J^  =  4*375  tons.  Further,  make 
J  O  =  54*375  tons,  and  O  Jj  =  30*9375  tons.  The  stresses  are 
given  in  Table  LVII, 

200.  Fish-bellied  Girder. — An  inverted  bowstring  girder  is 
called  a  Jlsh-bellied  girder,  and  though  it  is  not  often  used  in 
bridges,  it  is  a  common  form  for  cranes  both  in  the  lattice  form 
and  also  with  a  continuous  plate  web. 

The  method  of  calculating  the  stresses  in  a  braced  girder  of 
this  description  with  a  single  system  of  triangulation  is  similar 
to  that  employed  in  girders  of  the  Bowstring  type.  The  top 
flange  being  horizontal,  the  load  rests  on  this  member. 

Example  5. — ^A  bridge  carrying  a  single  line  of  railway  is 
72  feet  span,  and  is  supported  by  a  pair  of  fish-bellied  lattice 
girders  with  a  single  system  of  triangulation,  9  feet  deep  at  the 
centre ;  and  each  divided  into  eight  equal  bays  of  9  feet.  The 
dead  load  of  the  bridge  is  5Q  tons,  and  the  rolling  load,  consisting 
of  a  train  of  carriages,  is  equal  to  1  ton  per  foot. 

Determine  the  stresses  on  the  girders — 

1.  When  the  train  covers  the  entire  length  of  the  bridge. 

2.  When  it  covers  the  left  hal£ 
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First  Case. — 

Dead  load  on  bridge  .        .        .     »   56  tons. 
Live        „        „         .        .        .     =   72    „ 

Total  load  on  two  girders  .        •     >=  128    „ 
„       „  one        „       .         .     =   64    „ 

This  is  equivalent  to  8  tons  on  each  panel.     There  will,  there- 
fore, be  seven  loads  of  8  tons  resting  on  the  apices  of  the  top 

flange  of  each  girder,  and 
J  i  K  A  L  I M  I  M,  I  L,  1  K,  I  J,  I        two  loads  of  4  tons  resting 

A^^Ae  Aq  AqAe,APi/8S::^P     ^^  *^®  *P^*^®^  immediately 

over  the  abutment.  The 
net  upward  reaction  of 
each  abutment  =28  tons. 
Fig.   134  represents  the 

girder,  and  fig.  135  the  stress  diagram  for  the  left  half.     The 

stresses  are  given  in  Table  LVIII. 


Fig.  135. 


Fig.  136. 


All  these  stresses  may  be  analytically  checked  by  Bitter's 
method  of  moments.  For  example,  by  drawing  the  dotted 
sectional  line  a  h,  we  can  find  the  stresses  on  the  bays  K  0,  B  O, 
and  the  diagonal  B  C. 

Skc  ^  5-5  =  28  X  13-2  -8  X  4-2; 

or  Sk  c  =  61  tons. 
Sb  o  X  3-6  =  28  X  9 ; 

or  Sj,  o  =  70  tons. 

Sbc  X  91  =28x1-7  ; 
or  Sj,  c  =  5*2  tons. 

It  will  be  seen  that  in  girders  of  this  description,  loaded 
uniformly    along    the    straight    flanges,    the    stresses   in   the 
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diagonals  are  all  compressive,  whereas  in  the  bowstring  girder 
they  are  all  tensile.  This  fact  of  itself  renders  the  lattice  fish- 
bellied  girder  less  economical  than  the  bowstring  type. 

Second  Case, — ^With  this  distribution  of  load,  the  dead  weight 
is  just  the  same  as  in  the  first  case,  and  is  equivalent  to  loads  of 
3*5  tons  resting  on  each  apex  of  the  girder.  The  live  load  puts 
an  additional  weight  of  4*0  tons  on  the  first  three  apices  on  the 
left,  and  a  weight  of  2*25  tons  on  the  central  apex.  These  weights 
produce  an  upward  reaction  of  23*5  tons  at  the  left,  and  16*75 
tons  at  the  right  abutment. 

To  construct  the  stress  diagram,  on  a  vertical  line  (fig.  136) 
take  O  J  =  23*5  tons,  and  O  J^  =  16*75  tons,  the  reactions  of  the 
abutments.  Set  off  J  K  =  K  L  =  L  M  =  8  tons,  M  M^  =  6-75  tons, 
and  Mj  L^  =  Lj  K^  =  K^  Jj  =  3*5  tons,  the  loads  at  the  apices 
taken  in  succession  from  the  left.  The  diagram  is  then  con- 
structed in  a  similar  maimer  to  the  last^  and  the  stresses  are 
given  in  Table  LIX. 

Fig.  137  represents  another  form  of  braced  curved  girder  which 
is  frequently  employed, 
not  only  in  bridges,  but 
also  in  public  buildings, 
where  it  is  used  for  sup- 
porting the  roof  principals. 
It  will  be  seen  that  the 
top  fiange  is  straight  and 
the    bottom    curved    up-  Fig.  137. 

wards  in  the  arch   form. 

This  gives  it  a  graceful  appearance,  which  makes  it  a  &yourite 
design  for  exhibition  buildings,  <fec. 

Example  6. — A  lattice  girder  of  the  type  shown  in  fig.  137  is 
80  feet  span,  15  feet  deep  at  the  ends,  and  7  feet  6  inches  at  the 
centre.  The  top  flange  is  divided  into  eight  bays  of  10  feet  each. 
Determine  the  stresses  (1) 

when  the  girder  is  loaded       ^      o 

with   a  weight  of  20  tons     ^  ^^f^'         rx —     _/_\ 1 

resting  at  the  centre  of  the 
top  fiange ;  (2)  when  loaded 
with  40  tons  distributed. 

Fig.  1 38  represents  a  stress  Fig.  138. 

diagram  of  the  left  half  of 

the  girder  for  the  central  load.  The  vertical  line  A  J  is  taken 
equal  to  the  abutment  reaction  of  10  tons.  There  is  no  stress  on 
the  two  end  bays,  A  O  and  A^  O,  of  the  bottom  flange. 

The  stresses  are  given  in  Tables  LX.  and  LXI. 

19 
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OHAPTER  XVL 


CRANES  —  FRAMEWORK. 


201.  DefinitioiL — ^A  crane  is  a  fftrncture  used  for  lifting  weights, 
and,  in  addition  to  the  framework,  includes  the  mechanism, 
such  as  the  gearing,  &c.  It  is  only  with  the  former  we  are  here 
concerned. 

There  are  many  varieties  of  cranes,  as  regards  the  structural 
character  of  their  framework;  we  will  refer  to  some  of  the 
principal,  and  show  how  the  stresses  on  their  different  parts 
may  be  determined. 

202.  Jib  Cranes. — A  simple  form  of  jib  crane,  sometimes  known 
as  the  wharf  crane,  is  that  which  is  shown  in  skeleton  outline  in 
fig.  139. 

It  consists  of  three  main  members,  viz. : — 

The  vertical  post,  A  D, 
The  inclined  jib,  B  C, 
The  stay  or  tie,  A  C. 

The  crane  post  is  bedded  into  the  ground,  its  extremity  or 
toe,  D,  usually  resting  in  a  Socket,  so  that  the  crane  may  be 
turned  round,  A  D,  as  a  vertical  axis,  in  a  horizontal  direction. 

The  post  acts  as  a  cantilever,  the  maximum  stress  on  which 
occurs  at  B. 

The  jib,  B  C,  is  always  exposed  to  a  direct  compressive  stress, 
while  the  stay,  AC,  is  always  sub- 
jected to  a  direct  tensile  stress.  Both 
the  post  and  jib  may  be  made  of  iron, 
steel,  or  wood;  while  the  stay  is 
usually  made  of  wrought  iron  or 
steel. 

The  weight  to  be  lifted  is  sus- 
pended at  0,  the  point  of  intersec- 
tion of  the  jib  and  stay ;  the  chain 
from  which  it  is  hung  passing  over 
a  pulley  at  C  and  then  round  the 
drum  at  E,  which  is  fixed  to  the 
crane  post.  Usually  there  is  an 
arrangement  by  means  of  which  the 
jib  may  be  raised  or  lowered — turn- 
ing round  its  foot,  B — by  shortening  or  lengthening  the  stay^ 
With  a  single  pulley  at  C,  the  tension  on  the  chain  is  always 


Fig.  139. 
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supposed  to  be  equal  to  the  weight  lifted.  Practically,  however, 
this  is  not  the  case,  on  account  of  the  friction  in  the  pulley. 
The  stress  on  E  C  is  always  greater  than  W  when  the  weight  is 
being  lifted,  and  less  when  the  weight  is  being  lowered.  If  the 
pulley  is  not  in  good  working  order  and  properly  lubricated  the 
difference  in  stress  may  be  considerable. 

203.  External  Forces  acting  on  the  Crane.— The  crane  as  a 
whole,  is  held  in  equilibrium  by  three  externsJ  forces,  the  weight 
of  the  frame  itself  being  supposed  to  be  omitted. 

1st.  The  vertical  weight  W. 

2nd!  The  reaction  of  the  toe-plate  at  D. 

3rd.  The  horizontal  pressure  against  the  curb-plate  at  B. 

The  Ist  acts  vertically  downwards  through  C ;  the  2nd  is  the 
resultant  of  two  forces  acting  at  D,  the  first  of  which  acts  ver- 


Fig.  140. 


Fig.  141, 


tically  upwards  and  is  equal  to  W,  and  the  second  is  the  hori- 
zontal reaction  of  the  toe-plate.  The  amount  and  direction  of 
this  2nd  force  may  be  found  thus : — Set  off  the  line  D  d  to 
any  scale,  =  W.  Draw  the  horizontal  line  d  d^ ;  then  d  dy^  repre- 
sents the  horizontal  reaction  of  the  toe-plate,  and  the  line  D  di 
^ill  represent  its  total  reaction  at  D. 

The  3rd  force  acts  along  the  horizontal  line  B  c,  and  as  the 
three  forces  above  mentioned  keep  the  crane  in  equilibrium, 
they  must  all  pass  through  one  point  c,  and  their  intensities  are 
proportional  to  the  three  sides  of  the  triangle  D  B  c. 

We  have,  therefore,  the  following  practical  method  of  finding 
the  2nd  and  3rd  forces  when  W  is  known  : — Draw  the  vertical 
line  C  c,  intersecting  the  horizontal  line  through  B  in  c.  Join 
Dc.     Then  the  horizontal  pressure  against  the  curb  is  repre- 
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sented  by  the  line  B  c ;  the  reaction  of  the  toe-plate  by  the  line 
c  D,  and  the  weight  W  by  B  D. 

204.  Stresses  on  Jib  Crane  when  the  effect  of  the  Chain  is  not 
considered. — The  stresses  on  the  different  members  of  the  crane 
may  be  most  conveniently  found  by  graphic  construction,  though 
they  may  be  also  calculated  by  the  method  of  moments. 

In  the  following  explanation  we  will  assume  the  chain  E  0 
to  be  altogether  omitted,  the  weight  W  being  supposed  to  be 
hung  from  the  point  C. 

lu  fig.  140  take  the  vertical  line  o  5  to  represent  the  weight 
W ;  through  its  extremities  draw  ac,  be  parallel  respectively  to 
the  members  A  C  and  B  C  of  the  crane;  ac  will  then  represent 
the  tensile  stress  on  the  stay  A  C,  and  b  c  the  compressive  stress 
on  the  jib  B  C. 

The  vertical  post  is  acted  upon  by  a  transverse  stress,  and 
may  be  considered  as  a  loaded  cantilever;  or,  more  strictly  speak- 
ing, it  resembles  a  girder  supported  at  its  extremities  A  and  D 
and  loaded  at  B,  at  which  point  the  maximum  bending  moment 
will  occur. 

Considering  it  as  a  cantilever  of  length,  A  B,  the  load  at  its 
extremity  A  is  equal  to  ac  (fig.  140),  and  acts  in  the  direction 
A  C.  This  inclined  pull  may  be  resolved  horizontally  and  ver- 
tically. Through  c  draw  the  horizontal  line  cc/,  meeting  ba 
produced  at  c^;  cdis  the  horizontal  component  of  the  pull  at  A, 
and  a  6^  is  its  vertical  component.  As  the  latter  force  does  not 
affect  the  bending  stress  on  the  post  we  get  the  maximum 
bending  moment 

Mj,  =  c?  c  X  A  B. 

The  stresses  in  the  jib  and  stay  may  be  calculated  thus — 
Taking  moments  about  A,  we  get — 

SBc^Aaj^WxAoj, 

orSBc=W.^. 
Aoj 

Taking  moments  about  B,  we  get — 

Sao^B6i  =  WxBc^ 

Be 
B^ 


or  8^0= W. 


Example  1. — A  crane  of  the  form  shown  in  ^g.  139  supports  a 
weight  of  10  tons  suspended  at  0.     Determine  the  stresses  on  the 
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jib  and  stay  when  these  mem"ber8  are  inclined  at  angles  of  45** 
and  30°  respectively  to  tlie  horizontal.  Find  also  the  maximum 
bending  moment  on  the  vertical  post ;  its  length  above  ground 
being  15  feet. 

Take  the  vertical  line  a  b  (fig.  140),  equal  to  10  tons.  We 
then  have,  by  scaling — 

S^c  =  ae^  -27-3  tons, 
SBc  =  ftc=  +33-5  tons. 

These  results  may  be  checked  analytically  thus — 
Taking  moments  about  A,  -we  get — 

Now,  A  »!  =  A  B  X  sin  A  B  0  =  15  X  sin  45^  =  1061  feet, 
and  A  a,  =  35-5, 

35*5 
•  '.  Sbc  =  10  X  iQ./»i  =33*5  tons. 

Taking  moments  about  B,  we  have — 
SacxB6i  =  10xBc; 
and  as  B  ftj  =  A  B  X  sin  60°  =  13  feet, 

Sac  =  10x^  =  27-3  tons. 

e  d  (^g.  140)  is  equal  to  the  horizontal  component  of  the  tension 
on  A  C  =  a  c  X  sin  60°  =  236  tons. 

The  post  A  B  may,  therefore,  be  considered  as  a  cantilever 
15  feet  long  with  a  load  of  23*6  tons  acting  at  its  extremity,  in 
a  direction  perpendicular  to  its  length.  If  Mb  =  bending  moment 
at  B,  we  get — 

Mb  =  23-6  X  15  =  354  foot-tons. 

205.  Stresses  on  Jib  Crane  when  the  Effect  of  the  Chain  is 
taken  into  Account. — If  the  chain  he  considered,  the  stresses  on 
the  crane  will  be  considerably  altered.  Generally  speaking,  it 
has  the  effect  of  diminishing  the  stress  on  the  stay  and  increasing 
it  on  the  jib. 

Suppose  in  the  previous  example  that  the  drum  be  fixed  in 
such  a  position  that  the  direction  of  the  chain  meets  the  vertical 
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^ost  at  a  point  E  (fig.  139),  midway  between  A  and  R  If  the 
chain  pass  over  a  single  pulley  at  C,  the  tensile  stress  throtigii^ 
out  the  chain  will  be  constant  and  equal  to  the  weight  lifted 
(the  friction  being  neglected).  In  the  present  case  this  ten- 
sion =  10  tons. 

Take  the  vertical  line  ad  {^,  141)  to  represent  the  weight  of 
10  tons,  draw  db  parallel  to  the  direction  of  the  chain  C  E  and 
make  (2 5  equal  to  10  tons;  the  dotted  line  ab  will,  therefore, 
represent  their  resultant,  and  drawing  aCybc  parallel  respectively 
to  A  C  and  B  C,  these  lines  will  represent  the  stresses  on  the 
stay  and  jib. 

By  scale  we  find — 

Sxo  =  ac  =  22-8  tons. 
Sbo=*c  =  39-0    „ 

Drawing  the  horizontals  b  6^,  c  e^,  meeting  the  vertical  a  d  pro- 
duced in  6i  and  c^,  we  get — 

bb^  =  horizontal  component  of  the  stress  on  the 

chain  EG^   7*8  tons. 
cci«  „  „  stay  AOs=  197     „ 

bbi-{-ccj^=  „  „  jibBO  =  27'5    „ 

The  vertical  post  in  this  case  will  resemble  a  cantilever  15 
feet  long  with  a  weight  of  19*7  tons  acting  at  its  extremity  at 
right  angles  to  its  length,  and  a  weight  of  7*8  tons  acting  in 
the  same  direction  at  its  centre  E. 

It  will  be  noticed  that  the  vertical  post,  in  addition  to  its 
being  acted  upon  by  horizontal  or  bending  forces,  is  also  exposed 
to  longitudinal  tensile  stresses,  the  poi-tion  A  E  being  subjected 
to  a  tensile  stress  equal  to  the  vertical  component  of  the  stress 
on  AO.  This  is  represented  by  the  line  ac^  (fig.  141)=sll*5 
tons. 

The  portion  of  the  post  between  B  and  E  is  exposed  to  the 
tensile  stress  on  the  portion  A  E  pltis  the  vertical  component  of 
the  stress  on  the  chain  EC,  this  latter  stress  =  b^d;  so  that 
the  total  tensile  stress  on  EB^ac^ +  6jc/==17'5  tons.  These 
'upward  tensile  forces  on  the  post  are  balanced  by  the  vertical 
component  of  the  stress  on  the  jib  which  is  represented  by  the 
line  ftj  Cj ;  the  excess  of  this  latter  force  over  the  upward  pull 
on  E  B  is  represented  by  the  line  a  d,  which  is  equal  to  the 
Weight  of  10  tons.     This  exoess  comes  on  tAie  toe  of  tdie  potft» 
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The  stresses  on  the  jib  as  found  graphically,  may  be  checked  by 
moments,  thus — 

SboxAoj-Sbo  xAa2  =  WxAa8. 

Sb  0  ^  10-61  =  10  X  36-6  +  10  X  5-9  =  414. 
Sbo=  +39  tons. 

Taking  moments  about  B,  we  get — 
S^oxB6i  +  Sbo  xB5j  =  WxBc. 

S^o  ><  13  =  10  X  35-5-10  X  5-9«296. 
S^o=  -22-8  tons. 

It  will  be  seen  from  this  example  and  the  last  that  the  effect 
of  the  tension  on  the  chain  C  D  is  to  diminish  the  tension  on 
the  stay  by  27*3  -  22 '8  =  4*5  tons,  and  to  increase  the  compression 
on  the  jib  by  39  -  335  =  5*6  tons. 

The  maximum  bending  moment  on  the  post  is — 

Mb  =  19-7  X  15  +  7-8  x  7-5  =  354-0  foot-tons, 

from  which  it  is  seen  that  the  effect  of  the  chain  pulling  at  the 
centre  of  the  post  does  not  alter  the  bending  moment  at  B. 

The  sketch  shown  in  fig.  142  represents  a  form  of  jib  crane 
very  commonly  used,  and  is  somewhat  different  in  construction 
to  that  last  described.  The  vertical  post,  in  this  case,  instead  of 
going  into  the  ground,  is  fixed  to  a  platform  E  B,  which  may  bo 

arranged  to  run  on  rails; 
'^o         so  that  the  crane  may  be 
moved  about  from  one 
position  to  another. 

In  order  to  relieve  the 
post  of  the  greater  por- 
tion of  its  cross-stress,  a 
second  stay  A  E  is  intro- 
duced which  connects  its 
extremity  with  the  plat- 
form. A  load  P  is  placed 
on  the   latter  with  the 


Fig.  142. 


object  of  preventing  the  crane  being  turned  over  when  the 
weight  is  being  lifted.  This  load  P  is  sometimes  arranged  so 
that  it  can  be  moved  backwards  or  forwards  according  as  the 
weight  lifted  is  light  or  heavy.  OD  represents  the  chain  which 
passes  round  a  single  pulley  at  C,  and  round  a  second  pulley 
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at  F ;  with  this  arrangement  of  pulleys,  the  tension  on  the  chain 
is  only  one-half  the  weight  lifted ;  friction  not  being  taken  int» 
account. 

If  B  6  be  the  perpendicular  distance  between  B  and  the  direc- 
tion in  which  the  weight  W  acts,  then  if  the  weight  of  the  crane 
itself  be  neglected,  there  will  be  no  cross-stress  on  the  crane  post 
when  WxB6  =  PxBE. 

Example  2. — The  post,  A  B,  of  the  crane  shown  in  fig.  142  i» 
8  feet  high ;  the  jib,  B  C,  and  stay,  A  C,  are  inclined  at  45'  and 
30'  respectively  to  the  horizontal.  The  stay  A  E  is  attached  to 
the  platform  at  E,  so  that  E  B  =  10  feet.  Find  the  stresses  on 
the  crane  when  a  weight  of  20  tons  is  suspended  from  C,  the 
tension  on  the  chain  being  neglected.     Find  also  the  weight  of 


Fig.  144. 

the  counterpoise  P,  so  that  the  post  may  not  be  exposed  to  a 
cross-stress,  the  weight  of  the  crane  and  platform  being  left  out 
of  consideration. 

Take  the  vertical  line  a  h  (fig.  143)  equal  to  20  tons ;  draw  a  c 
parallel  to  A  0,  and  h  c  parallel  to  B  C. 

«  c  =  S^  c  =  "  56*5  tons, 
6c  =  Sbo=  +69-25  tons. 

At  the  point  A  there  are  three  forces  acting,  viz.,  the  tensile 
stresses  on  A  G  and  A  E  and  the  compressive  stress  on  A  B. 
Draw,  therefore,  through  the  extremities  of  the  stress  line  a  c, 
the  lines  ce,  ae  parallel  respectively  to  A  E  and  A  B,  these 
lines  will  represent  the  stresses  on  those  members.  By  scale 
we  find 

c  fi  =  S^ E  =  -  62*5  tons, 
««  =  SxB=  +9-75  tons. 


VIZ. 


At  the  point  E  we  may  consider  there  are  three  forces  actings 
z.,  the  stress  on  the  stay  A  E,  the  vertical  weight  F,  and  the 
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stress  along  the  platform  E  B.     By  drawing  cj  parallel  to  B  E, 
'we  get— 

<?/=Skb=  +48-75  tons, 

6/=P= +38-75  tons. 

All  the  stresses  may  be  checked  by  the  principle  of  moments. 
For  example,  to  find  P,  we  get — 

PxBE  =  20xB6, 

or,P  =  ?5jL^=38.oton8. 

Example  3. — Find  the  stresses  in  the  last  example  when  the 
tension  of  the  chain  is  taken  into  account.  Suppose  the  direc- 
tion of  the  chain  to  intersect  the  vertical  post  at  the  point  D,  so 
that  BD  =  3  feet. 

With  a  ])ulley  at  F  the  tensile  stress  on  the  chain  is  equal  to 
10  tons,  friction  being  neglected. 

Fig.  144  represents  the  stre>!S  diagram ;  a  c?  =  20  tons ;  h  d 
parallel  to  0  D  represents  1 0  tons,  the  stress  on  the  chain.  The 
dotted  line,  a  b,  represents  the  resultant  of  these  two  forces,  and 
is  equal  in  magnitude  and  direction  to  the  total  pressure  on  the 
pulley  at  C.  The  remainder  of  the  diagram  is  constructed  as  in 
the  previous  example.     By  scaling,  we  get — 

«  c  =  Sa  0  =  -  52-5  tons, 
6c=Sbo=  +750  tons, 
c  e  ^  bj^  g  =  -  58-0  tons, 
ae  =  Sad  =  +  ^*75  tons, 
c/=  Se  B  =  +45-5  tons, 
c/=P=  +36-0  tons. 

By  drawing  h  b^  horizontally,  we  get — 
i>bi  =  horizontal  component  of  the  stress  on  the  chain  =  7'5  tons. 

The  post  A  B  may,  therefore,  be  considered  as  a  girder  sup- 
.  ported  at  A  and  B,  and  acted  upon  by  a  force  equal  to  66^ 
acting  at  D,  in  a  direction  perpendicular  to  its  length. 

The  line  b^d  =  vertical  component  of  the  stress  on  the  chain 
B=6*25  tons.  The  direct  longitudinal  compressive  stress,  there- 
fore, on  the  portion  D  B  of  the  post  is  equal  to  ae-b^d^S-b  tons. 

It  will  form  an  instructive  exercise  for  the  student  to  check 
these  various  stresses  by  the  method  of  moments. 
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206.  Derrick  CraSie. — ^The  Derrick  crane,  or,  as  it  is  sometimes 
called,  the  Scotch  crane,  is  shown  in  outline  in  fig.  145.  It  is 
ttsnally  made  of  wood,  and  consists  of  a  vertical  post,  A  B,  which 
revolves  in  a  socket  at  its  foot,  6.  B  C  is  the  jib,  and  A  C  the 
tension  member,  which  is  frequently  a  chain,  by  means  of  which 
the  jib  may  be  raised  or  lowered  to  any  angle.  A  E  and  A  E^ 
are  two  back  stays  which  are  generally  placed  so  that  E  B  E^  is 
Ik  right  angle.     The  back  stays  may  have  their  lower  extremities 


Fig.  14S. 


Fig.  146. 


anchored  to  the  ground.  It  is  more  usual,  however,  to  have 
them  fastened  to  two  horizontal  members,  B  E  and  B  E^,  which 
are  laid  on  the  ground  and  weighted. 

It  will  be  readily  seen  that  the  stresses  on  the  jib  and  front 
stay  may  be  determined,  as  already  explained  for  the  ordinary 
jib  crane.  The  stresses  on  the  back  stays  vary  according  to  the 
position  of  the  jib  relatively  to  them  :  the  maximum  tension  on 
the  stay  A  E^  occurs  when  ABO  and  A  E^^  B  are  in  the  same 
vertical  plane.  Similarly,  the  maximum  tension  on  A  E  occurs 
when  A,  E,  B,  and  0  are  all  in  the  same  plane.  When  the 
■  tension  on  A  E^  is  a  maximum,  that  on  A  E  is  zero,  and  vice  versd. 

If  the  plane  of  A  B  C  lies  between  these  two  extreme  positions, 
and  it  be  prolonged  to  meet  E^  E  in  D,  we  can  find  the  stress 
on  the  imaginary  stay,  A  D,  on  the  assumption  that  the  other 
two  do  not  exist.  Having  found  this,  the  stresses  on  the  other 
two  may  be  found  by  the  triangle  of  forces,  as  the  first  stress  is 
their  resultant. 

Let  fig.  146  represent  ttie  plan  of  the  crane  shown  in  ^g.  145, 
.  B  E  and  B  E^  being  at  right  angles  to  each  other.  Let  B  b 
represent  the  horizontal  component  of  the  stress  on  the  main 
stay  A  C.  Draw  be,he^  parallel  to  B  Ej  and  B  E  respectively ; 
these  lines  will  represent  the  horizontal  components  of  the 
•stresses  on  the  back  stays  AE^  and  AE.     These  components 
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being  known,  the  stresses  on  the  stays  themselves  may  easily  be 
found. 

If  the  jib  occupy  the  position  shown  by  the  dotted  line  B  C^^ 
so  that  B  C|  is  in  the  same  line  with  B  E,  then  the  stress  on 
A  E  will  be  a  maximum,  and  that  on  A  E^  zero. 

If  the  crane  be  swung  round  to  the  position  B  C^,  the  tensile 
stress  on  A  E  will  be  diminished,  and  there  will  be  a  compres- 
sive stress  on  A  Ej.  The  compressive  stress  on  this  stay  will 
reach  a  maximum  when  the  jib  is  directly  over  it  in  the  same 
vertical  plane. 

If  the  jib  occupy  the  position  shown  by  the  line  B  O3,  the 
stresses  on  both  back  stays  will  be  compressive, 

207.  Sheer  Legs. — What  is  commonly  known  as  "sheer  legs" 
is  a  kind  of  crane  used  by  builders  and  erectors,  and  possesses 
the  advantage  of  portability ;  it  being  easily  moved  about  from 
one  position  to  another  to  suit  the  requirements  of  the  work, 
without  going  to  the  inconvenience  of  taking  it  to  pieces,  as  is 
necessary  with  the  derrick  crane. 

It  consists  of  two  main  posts  or  struts,  A  C  and  B  0,  of  equal 
length  (fig.  147).  The  lower  ends  A  and  B  rest  on  the  ground  at  a 
considerable  distance  apart,  and  the  posts  gradually  taper  towards 


Fig.  147.  Fig.  148. 

each  other  until  they  meet  at  C.  These  posts  are  capable  of 
moving  in  a  vertical  plane  round  an  imaginary  axis,  A  B.  At 
C,  the  weight  is  hung  by  means  of  a  rope  or  chain  which  passes 
round  a  [)ulley-block  and  thence  taken  to  a  crab.  The  sheer 
legs  are  prevented  from  falling  by  a  stay,  E  0,  or  sometimes  by 
several  stays.  These  stays,  or,  as  they  are  commonly  called, 
"  guys,"  usually  consist  of  ropes  or  chains  which  are  tixed  by 
means  of  spikes  to  the  ground,  or  are  fastened  to  posts  or  other 
convenient  objects  in  the  vicinity.  They  are  arranged  so  .is  to 
be  easily  lengthened  or  shortened  to  suit  the  inclination  of  the 
sheer  legs. 

It  is  a  very  simple  matter  to  find  the  stresses  on  the  legs  and 
8tay&     Take  D,  the  centre  of  the  imaginary  line  A  B.      Join 
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0  D  and  E  D.  The  two  legs  mar  be  supposed  to  be  replaced  by 
a  single  leg,  0  D.  We  will  then  have  E  0,  C  D,  and  the  weight 
W  in  the  same  vertical  plane,  and  the  stresses  on  the  two 
former  may  be  found  graphically,  as  previously  explained  for 
the  jib  crane.  The  stress  thus  found  on  the  imaginary  leg,  G  D, 
is  the  resultant  of  the  stresses  on  A  C  and  B  C. 

Let  AC,  B  C,  fig.  148,  represent  the  development  of  the  legs ; 
take  the  vertical  line  6  a  to  represent  their  resultant  stress  as 
found ;  di*aw  a  c  parallel  to  A  C,  and  b  c  parallel  to  B  C ;  then 

As  the  legs  are  equal  in  length  and  equally  inclined  to  the 
horizontal,  these  stresses  will  be  equal. 

The  horizontal  line  d  c  represents  the  tendency  which  the  legs 
have  to  separate. 

208.  Tripods. — If,  in  place  of  the  two  sheer  legs  and  the  guy- 
rope,  there  be  three  legs,  we  get  what  is  termed  a  tripod,  the 
three  legs  slope  towards  each  other,  meeting  at  the  apex,  and 
they  are  arranged  so  that  the  projection  of  the  apex  falls  within 
the  triangle  formed  by  the  feet  of  the  posts.  In  this  case  the 
stresses  on  all  the  legs  will  be  compressive,  and  their  amounts 
may  be  found  in  the  manner  indicated  in  the  last  case;  the 
weight  lifted  being  the  resultant  of  the  stresses. 

209.  Cranes  witii  Rolling  Loads. — In  the  previous  examples 
of  cranes  which  have  been  considered,  the  pulley,  round  which 
the  chain  carrying  the  weight  passes,  is  fixed,  and  the  jib  or  legs, 
to  which  the  pulley  is  fixed,  can  be  raised  or  lowered  to  suit  the 
requirements  of  the  work.  In  other  kinds  of  ci*anes  this  is  not 
the  case,  and  instead  of  the  jib  being  movable  the  pulley  sup- 
porting the  weight  is  attached  to  a  movable  carriage,  which 
travels  backwards  and  forwards  on  a  horizontal  platform. 

Fig.  149  represents  a  skeleton  outline  of  a  crane  of  this  kind. 
The  horizontal  member  A  B  usually  consists  of  two  beams 
placed  side  by  side  with  a  space  between  them.  A  carriage 
carrying  the  pulley  from  which  the  weight  is  slung  travels  along 
rails  fixed  on  A  B,  or  otherwise,  and  may  occupy  any  position 
between  the  extremities  A  and  B.  The  lifting  chain  passes 
round  a  second  pulley  placed  at  A,  and  thence  passes  to  the 
barrel  of  the  crab. 

A  second  and  smaller  chain  may  be  attached  to  the  movable 
carriage,  by  means  of  which  the  latter  may  be  made  to  travel 
backwards  and  forwards  as  required.  C  D  is  a  fixed  strut  which 
supports  A  B,  and  a  back  stay  or  tension-rod  supports  the  ver- 
tical post.     A  very  good  arrangement  is  to  attach  A  to  an  over- 
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head  support,  when  the  stay  may  be  dispensed  with.  The 
attachments  of  A  and  D  may  be  made  by  means  of  pivots  working 
in  sockets ;  the  crane  can  thus  be  swung  round  in  a  horizontal 
plane.     This  form  of  crane  is  very  common  in  foundries. 


Fig.  149. 


Fig.  160. 


It  will  be  seen  that  the  horizontal  member  A  B  is  exposed  to 
transverse  stres.ses  and  must  be  designed  to  withstand  them. 
When  the  weight  is  suspended  at  any  point  between  0  and  B, 
the  portion  C  B  is  a  cantilever,  the  maximum  bending  stress 
being  at  0.  With  this  position  of  load  there  will,  practically, 
be  no  transverse  stress  on  the  portion  A  C  if  the  connection  at  O 
be  rigid.  If  the  connection  at  C  be  not  rigid  A  B  will  resemble 
a  girder  fixed  at  A  and  B,  and  loaded  in  an  upward  direction 
at  C,  as  explained  in  Art.  93,  Chapter  VI. 

If  the  weight  rest  at  C  there  will  be  no  bending  stress  on  A  B, 
the  strut  C  D  receiving  the  thrust  directly.  When  the  weight 
occupies  any  position  between  A  and  C,  the  portion  A  C  will 
resemble  an  ordinary  beam  supported  at  A  and  C  and  loaded  at 
an  intermediate  point,  while  the  projecting  portion  will  not  be 
exposed  to  any  stress.  In  addition  to  the  bending  stresses  de- 
veloped in  A  B  there  will  be  a  direct  longitudinal  stress  in  the 
portion  A  0,  equal  to  the  horizontal  component  of  the  thrust 
in  CD. 

Fig,  150  represents  a  useful  form  of  crane  for  lifting  light 
weights  and  may  be  worked  by  hand.  It  may  be  fixed  to  a 
vertical  pillar  or  wall  by  means  of  two  brackets  in  which  the 
vertical  member  may  rotate. 

The  weight  travels  on  a  carriage  along  the  horizontal  member 
B  C,  which  latter  resembles  an  ordinary  girder  supported  at  B 
and  C  and  traversed  by  a  rolling  load.  In  addition  to  the  bend- 
ing moments  developed  in  B  C,  there  will  be  a  direct  longi^ 
tudinal  thrust  equal  to  the  horizontal  component  of  the  tenside 
stress  on  the  tie  A  C. 

Example  6. — In  the  crane  shown  in  fig.  149,  a  weight  of  15  tons 
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is  suspended  from  the  extremity  B :  Find  the  stresses  on  the 
various  parts  when  AD  =  AC=16  feet,  and  C  B  =  12  feet.  Find 
also  the  stresses  when  the  weight  rests  midway  between  A  and  O 
— the  tension  of  the  lifting  chain  and  the  weight  of  the  crane 
itself  being  neglected. 

If  the  connection  between  A  B  and  C  D  be  not  rigid,  A  B  will 
be  a  leyer  whose  fulcrum  may  be  supposed  to  be  at  C. 

If  P  =  vertical  reaction  at  0, 
Q  =  tensile  stress  on  A  D ; 

then,  in  the  first  case,  we  get,  by  taking  moments  about  A  and  0 
in  succession — 

P  X  16  =  15  X  28,  or  P=:  26-25  tons, 
Q  X  16  =  15  X  12,  or  Q=  1125  tons. 

The  bending  moment  at  C  is  equal  to  15  x  12=  180  foot-tons. 
To  find  the  longitudinal  stresses  on  A  G  and  0  D  draw  the 
vertical  line  Ge  =  26-25  tons,  and  draw  c  a  parallel  to  A  C. 

Ca  =  SoD  =  371  tons, 
ca  =  8^0  =  26-25  tons. 

This  latter  stress  is  equal  to  the  shearing  stress  on  the  pin 
at  A. 

The  pressure  on  the  socket  at  D  =  26-25  - 11-25  =  15  tons. 

When  the  weight  is  suspended  midway  between  A  and  C 

there  is  no  stress  whatever  on  the  portion  C  B.     The  bending 

15  X  16 
moment  at  the  centre  of  A  0  =  — ^ — =  60  foot-tons. 

1 1* 

The  upward  reaction  at  C =-^=  7*5  tons. 

The  throBt  on  the  post  A  D  =  7-5  tons. 

Making  Cc^^  7-5  tons,  and  drawing  the  horizontal  line  e^  a^, 
we  get — 

Cai  =  ScD  =  10-6  tons, 

Cj  Oj  =  direct  tensile  stress  on  A  C  =  7-5  tons, 

which  latter  is  also  equal  to  the  shearing  stress  on  the  pin 
at  A. 
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The  pressure  at  the  foot  of  the  post  =  7*5  +  7*5  =  15  tons. 
210.  Wharf  Crane.— The  form  of  crane  shown  in  ^g.  151  is 
much  used  in  docks  and  quays  for  loading  and  unloading  vessels. 
It  is  arranged  so  that  it  can  revolve  in  a  horizontal  plane  round 
a  vertical  line  passing  through  its  foot  C.  The  portion  above 
ground  is  a  curved  cantilever,  and  that  below  ground  a  straight 
cantilever.  Cranes  of  this  description  are  usually  made  of 
wrought  iron  or  steel,  and  may  be  circular,  rectangular,  or 
H-form  in  their  cross-section.  When  circular  they  generally 
consist  of  bent  plates  rivetted  together.  When  of  the  other  two 
forms  the  top  and  bottom  members  or  flanges  usually  consist  of 
plates,  while  the  webs  may  either  be  plates  or  open  lattice  work, 
the  whole  being  rivetted  together. 

This  crane  is  altogether  exposed  to  transverse  stresses,  which 
increase  in  intensity  as  we  proceed  from  the  peak  A  to  the 

base  B,  so  that  in  an  economical 
design  the  depth  of  the  jib  ought  to 
be  greatest  at  B,  and  gradually 
diminish  towards  A. 

The  bendingmoment  at  any  section, 
a  by  of  the  jib  at  a  horizontal  distance 
X  from  the  line  of  action  of  the 
weight  may  be  expressed  by  the 
equation  M  „  j  =  W  a:. 

This  expression  is  slightly  modified 
by  the  tension  on  the  chain,  which 
latter  usually  passes  over  pulleys 
fixed  to  the  back  of  the  jib  till  it 
reaches  the  drum  which  is  fixed  near 
the  base. 

Example  7. — A  crane  with  bent 
wrought -iron  jib  has  a  weight  of 
16  tons  suspended  from  its  extremity.  If  the  section  of  the 
jib  be  of  the  H-form,  determine  the  stresses  on  the  flanges  at  a  6, 
the  depth  a  b  being  24  inches,  and  the  horizontal  distance  of  6 
from  the  vertical  line  passing  through  A  being  6  feet.  What 
would  be  a  convenient  section  for  the  jib  if  the  iron  be  ex- 
posed to  a  direct  stress  of  3  tons  per  square  inch  gross  sectional 
area? 

The  portion  of  the  jib  Aab  is  held  in  equilibrium  by  the 
vertical  weight  of  15  tons  suspended  at  A,  and  by  the  tensile 
And  compressive  stresses  on  the  flanges  at  a  and  b. 

Taking  moments  about  b  and  neglecting  the  web,  we  get — 


Digitized  by 


Google 


WHARF  OBAHK. 


305 


n 


Fig.  162. 


S.x  2  =  15x6,  or  S.  =  45  tons. 

Allowing  a  stress  of  3  tons  per  square  inch,  we 

45 
shall  require  -o-  =  15  square  inches  of  area  for  the 
o 

flange. 

The  section  of  the  jib  might  be  that  shown  in 

fig.  152. 

,,  ,  ^  ,  ^        1  plate  16  X  j  =  10-0  sq.  inch. 

For  each  flange  we  have  a    2        f^  3  ^3^1^  g.g    >* 

section  of  15-5  square  >  

inches,  consisting  of —  j  j^.g 

The  thickness  of  each  web  might  be  made  |  inch. 

Example  8. — The  braced  crane  represented  in  fig.  153  has  a 
weight  of  20  tons  suspended  from  a.  The  height  of  a  above  the 
ground  line  =  20  feet,  and  the  depth  of  the  foot  d  below  the 
same  line  =  10  feet  9  inches.  Determine  the  stresses  on  the 
crane. 

There  are  three  external  forces  acting  on  the  crane — viz.,  the 
weight  of  20  tons  which  acts  vertically  through  a,  the  reaction 


Fig.  153. 


Fig.  164. 


at  6  c  which  acts  horizontally,  and  the  reaction  at  the  foot  of  the 
crane  d;  these  three  forces,  in  order  to  produce  equilibrium,  must 
meet  at  a  single  point  6,  so  that  e  d  will  represent  the  direction 
of  the  reaction  at  the  foot. 

To  represent  these  forces  graphically,  draw  the  vertical  line 
e/=  20  tons,  and  draw  fg  horizontally,  meeting  ed&tg;  g/wHl 

20 
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then  represent  the  horizontal  reaction  along  be,  and  eg  will 
represent  the  reaction  at  the  foot  of  the  crane.  Scaling,  we 
get— 

Beaction  at  6  c  ==  35*5  tons. 

Keaction  B.t  d  =  40-7     „ 

Fig.  154  represents  the  stress  diagram.  This  may  be  con- 
structed by  commencing  at  the  apex  a  (fig.  153)  of  the  crane  and 
finding  the  stresses  in  each  member,  working  downwards.  At  a 
there  are  three  forces  acting — viz.,  the  vertical  load  of  20  tons 
and  the  stresses  on  A  Y  and  A  X.  Draw,  therefore,  the  vertical 
line  X  Y  =  20  tons,  and  Y  A,  X  A  parallel  to  these  members 
in  ^g,  153  ;  these  lines  will  represent  the  stresses  on  Y  A  and 
X  A  respectively.  Then  proceed  in  the  usual  manner  until  we 
reach  the  point  c. 

At  this  point  there  are  four  forces  acting — viz.,  the  stresses 
on  J  Y,  K  Z,  and  J  K,  and  the  horizontal  reaction  at  c  ;  the  first 
two  are  equal  to  each  other  since  the  members  J  Y  and  K  Z  are 
in  one  line,  and  the  latter  two  are  also  equal. 

Drawing  Y  Z  horizontally  and  equal  to  fg,  and  J  K  parallel 
to  Y  Z  and  equal  to  it,  we  pet — J  K  =  stress  on  J  K  =  35*5  tons, 
and  K  Z  =  stress  on  K  Z.  Proceed,  then,  in  the  usual  manner 
in  order  to  find  tlje  stresses  on  the  portion  of  the  crane  below 
the  ground  level.  As  a  check  on  the  accuracy  of  the  diagram, 
the  last  line  drawn — viz.,  O  X  parallel  to  the  member  O  X — must 
come  to  the  point  X. 

Scaling  the  lines  in  the  stress  diagram,  we  get  the  following 
table  of  stresses  : — 

TABLE  LXn. 


Outside 

Flanges, 
Stresses    ' 

in  Tods, 
Inside       { 

FUnges,  ( 
Stresses   \ 

in  Tons,  J ' 

AX 
-15-0 

BY 
+31-75 

CX 
-48-5 

DY 
+  83 -0 

EX 

-71-5 

FY 

+84-6 

GX 
-90-0 

HY 
+95-25 

IX 

-^88*76 

JY 
+  102  5 

LX 
-61*6 

KZ 
+  102-5 

NX 

-33*5 

MZ 

+  81-5 

OX 

-36  0 

OZ 

+57-75 

Braces,    . 

YA 

AB 

BC 

CD 

DE 

EF 

FG 

GH 

Stresses  \ 
in  Tons,  j 

+  28-5 

-21*6 

+31*5 

-16-0 

+  31*76 

+20 

+  31-0 

+  19*0 

Braces,    . 

HI 

IJ 

JK 

KL 

LM 

MN 

NO 

Stresses   \ 
in  Tons,  j 

+210 

+8-0 

+36*6 

-29-5 

+230 

-37-0 

+  11*0 
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CHAPTER   XVII. 

ARCHES. 

211.  Arches  may  be  oonstructed  of  stone,  brick,  wood,  or 
metal.  Those  made  of  stone  and  brick  are  of  very  ancient 
origin,  and  it  is  not  intended  to  treat  on  them  here,  though  the 
mechanical  principles  regarding  their  stability  are  of  the  same 
nature  as  those  which  apply  to  iron  and  steel  arches. 

It  should  always  be  borne  in  mind  by  the  engineer  that  in 
designing  metal  arches,  especially  those  of  the  unbraced  form,  it 
is  not  advisable  to  place  too  much  reliance  on  mere  theoretical 
rules,  as  the  most  refined  mathematical  investigations  will  after 
all  give  only  approximate  results. 

This  being  so,  it  is  not  as  a  rule  necessary  to  go  to  the  trouble- 
of  finding  to  a  great  degree  of  nicety  the  exact  position  of  the 
curve  of  equilibrium  in  a  rigid  arch. 

The  whole  process  of  finding  the  stresses  in  an  iron  arched  rib- 
is  based  on  the  assumption  that  it  is  of  uniform  elasticity 
throughout ;  this  in  practice  is  not  so,  and  this  want  of  uniform 
elasticity  in  the  material  may  of  itself  cause  the  most  elaborate 
investigation  to  vary  as  much  as  20  per  cent,  of  the  truth. 

There  are  other  elements  which  tend  to  modify  the  stresses  in 
arches,  the  existence  of  which  should  not  be  altogether  ignored. 
The  following  may  be  named : — 

.  1.  Stresses  set  up  in  the  arch  owing  to  aUeratums  in  the  form 
of  the  circh  produced  by  unequal  loading.  These  stresses  are 
greatest  when  the  rolling  load  is  large  compared  with  the- 
permanent  load. 

2.  Stresses  induced  by  change  of  temperature.     An  increase  - 
of  temperature  causes  the  crown  of  an  arch  to  rise ;  that  of  the 
Southwark  bridge,  which  has  a  span  of  246  feet  and  a  versine  of 
23  feet,  rose  11  inches  for  an  increase  of  temperature  equal  t<>« 
SO**  Fah. 

Increase  of  temperature  causes  the  spandrils  to  extend  longi- 
tudinally, and  a  vertical  space  should  be  provided  at  the  ends, 
for  that  purpose. 

212.  Different  FormB  of  Metal  Arches. — Iron  or  steel  arches 
may  be  divided  into  two  classes,  viz.,  TJnbrcxed  or  Eigid  Arches 
and  Braced  Arches, 

An  unbraced  arch  consists  of  a  single  rigid  rib,  usually  made 
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of  cast  iron,  the  stability  of  which  depends  upon  the  stiffness  of 
the  rib  itself. 

Braced  arches  consist  of  two  ribs,  which  are  braced  together 
by  diagonal  or  other  bracing. 

It  has  been  seen  that  when  a  bowstring  girder,  consisting  of  a 
parabolic  bow  and  horizontal  tie,  is  uniformly  loaded,  the  stresses 
on  the  flanges  are  constant  throughout,  while  the  stresses  on  the 
diagonal  bracing  are  practically  nil,  so  that  these  latter  may  be 
removed  without  interfering  with  the  stability  of  the  girder. 

If  the  horizontal  tie  be  also  removed, 
and  in  its  place  be  substituted  the 
resistance  of  the  abutments,  the  girder 
becomes  reduced  to  a  parabolic  un- 
braced arch,  as  shown  in  flg.  155, 
Fig.  155.  The  horizontal  thrusts  of  the  abut- 

ments are  substituted  for  the  tension 
•on  the  horizontal  flange  of  the  girder,  and  are  equal  to  it  in 
amount. 

213.  Linear  Arches — ^Line  of  Pressures. — By  a  Linear  arch  is 
meant  an  arch  that  is  incapable  of  resisting  flexure,  and  one 
that  is  supposed  to  be  subjected  to  direct  compressive  stresses 
only.  It  is  needless  to  say  that  in  practice  no  iron  arch  really 
fulfils  these  conditions. 

By  the  line  of  pressures  is  meant  that  line,  the  ordinates  of 
which  vary  as  the  bending  moments  for  the  load  which  the  arch 
supports.  This  line  is  synonymous  with  the  curve  of  equili- 
brium for  the  load,  for  it  is  the  curve  to  which  a  linear  arch 
would  have  to  be  adjusted  before  it  could  support  the  given 
load. 

This  line  inverted  corresponds  exactly  to  the  curve  which  a 
flexible  cord  would  adjust  itself  to  when  the  given  load  is 
applied  to  it. 

In  designing  rigid  iron  arched  ribs,  it  is  always  advisable  to 
allow  the  rib  &eedom  to  turn  at  its  springings  by  having  them 
rounded  and  fitting  into  corresponding  bearings.  By  this 
arrangement  the  resulting  thrusts  at  the  abutments  will  pass 
through  the  axis  of  the  arch,  or  approximately  so,  and  the 
stresses  can  be  determined  with  much  greater  accuracy  than  if 
the  rib  be  rigidly  attached  to  the  abutments.  Another  advan- 
tage of  this  plan  is  that  the  alterations  in  the  form  of  the  arch, 
whether  they  arise  from  passing  loads  or  change  of  temperature, 
more  readily  adapt  themselves  to  these  varying  conditions. 

Figs.  156,  157,  and  158  are  examples  of  rigid  arches  rounded 
at  their  extremities  and  loaded  in  different  ways. 
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The  dotted  lines  in  each  case  represent  the  lines  of  pressures. 
These  lines  must  pass  through  the 
points  of  application  of  the  loads, 
and  also  through  the  points  where 
the  arches  are  in  contact  with  the 
abutments.  The  ordinates  of  these 
lines  wil  1  give  the  bending  moments  Fig.  156. 

for  the  load.     If  a  number  of  loads 

of  equal  value,  and  placed  at  equal  distances  apart,  rest  on  the 
arch,  the  line  of  pressures  will  approximate  to  a  parabolic  curve. 


Fig.  167. 


Fig.  158. 


When  the  form  of  an  arch  corresponds  with  that  of  the  line  of 
pressures,  the  stresses  on  every  part  will  be  those  of  compression 
only,  and  the  horizontal  components  of  the  stresses  at  every 
point  will  be  equal  to  each  other  and  to  the  horizontal  thrust  at 
the  abutments. 

If  an  arch  of  this  description  be  used  for  supporting  a  bridge^ 
the  roadway  would  be  horizontal,  and  might  be  suspended  by 
vertical  suspenders  from  the  arch,  as  shown  in  fig.  155 ;  or  it 
might  be  carried  above  the  arch  by  vertical  pillars  or  spandrils. 

Let  I B  length  of  the  span  of  arch, 
V  =  versine  or  rise  of  arch, 
w  =  load  per  unit  of  length. 


Then  the  pressure  at  the  crown  of  the  arch  is 


(1). 


This  expression  represents  the  horizontal  component  of  the 
pressure  at  any  point  of  the  arch,  and  it  is  also  equal  to  the 
horizontal  reaction  of  the  abutments. 

The  actual  compressive  stress  at  any  point  at  a  distance  x 
from  the  centre,  when  the  arch  is  a  parabola,  is — 


^•-V(^'*<""' 


Digitized  by 


.    (2). 

Google 


310  A&CHES. 

If  the  tangent  to  the  arch  at  x  be  inclined  to  the  horizontal 
at  an  angle  ^,  then 

S.=S^x8ec^  .         .        .     (3). 

When  a  single  weight  W  rests  on  the  centre  oi  the  arch  the 

W I 
horizontal  component  of  the  stress  throughout  the  arch  =  -r — 

—  horizontal  reaction  of  the  abutments. 
If  W  rest  at  a  point  at  a  distance  x  from  the  centre, 

Horizontal  reaction  = ^ ^    .         .     (4). 

From  this  it  will  be  seen  that  no  matter  how  an  arch  is  loaded, 
we  can  determine  analytically  the  horizontal  reactions  and  also 
the  total  reactions  at  the  abutments,  as  it  is  only  necessary  to 
&id  these  reactions  for  each  weight  and  add  them  together. 

214.  Different  kinds  of  Stresses  in  Arches. — When  we  speak  of 
the  Une  of  an  arched  rib  we  mean  its  neutral  axis,  which  is 
the  line  joining  the  centres  of  gravity  of  the  different  cross- 
sections  of  the  rib. 

In  practice,  arches  are  not  linear ;  the  line  of  pressures  for  the 
load  does  not  coincide  with  the  neutral  axis  of  the  arch ;  so  that 
At  those  points  where  this  coincidence  does  not  occur,  in  addition 
to  the  direct  compression,  there  is  a  moment  of  flexure. 

Consider  the  case  of  an  arched  rib,  hinged  at  the  crown  as 
well  as  at  the  abutments,  as  shown  in  fig.  159.  If  this  be  loaded 
with  a  weight  W  resting  on  the  apex,  the  curve  of  pressures 
will  consist  of  two  straight  lines  A  O  and  B  O. 

Let  ^sspan,  and  i;  =  rise. 

Oompression  at  crown  is 

Wl 
Sa  =  -. —  =  horizontal  thrust  of  each  abutment. 

If  the  lines  of  pressure  be  inclined  at  an  angle  0  to  the  hori- 
zontal, the  direct  compression  (S)  at  any  point  in  the  curve 
of  equilibrium  is — 

S  =  Sq  X  sec  ^  =  -4—  .  sec  ^   .         .         .     (5), 

S  in  this  case  being  constant. 
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The  direct  compression  at  any  section  D,  of  the  rib  is — 

SD  =  Sxcosf     .         .         .         •     (6), 

where  f  =  angle  which  the  tangent  at  D  makes  with  the  line  of 
pressures. 

Substituting  the  value  of  S  already  found,  we  get — 

Sd==  x~  sec  ^  cos  p       .         .         .     (7). 

In  addition  to  this  direct  compression  at  D,  there  is  a  moment 
of  flexure  represented  by 

Md  =  SxA      .         .         .         .     (8), 

where  h  ^  perpendicular  distance  between  D  and  the  line  of 
pressures. 

In  the  present  case,  as  we  have  seen,  S  is  constant ;  but  S]> 
varies  with  the  angle  f)  and  is  a  maximum  when  cos  f>  =  l ;  that 
is,  when  p  =  0. 

This  occurs  at  that  point  of  the  rib  at  which  the  tangent  is 
parallel  to  the  line  of  pressures. 

Substituting  in  equation  (8),  we  get — 

where  ^  =  vertical  distance  between  the  line  of  pressure  and 
the  neutral  axis  of  the  rib  at  the  given  section  D. 

If  the  arch  we  are  considering  be  acted  upon  by  a  uniformly 
distributed  load,  the  curve  of  equilibrium  will  be  a  parabola 


which  must  pass  through  the  springings  and  the  apex  of  the 
arch,  as  it  is  hinged  at  these  points.  If,  in  addition  to  this  dis- 
tributed load,  the  arch  be  acted  upon  by  a  moving  load,  the 
curve  of  equilibrium  or  line  of  pressures  becomes  altered,  and  is 
different  with  the  different  positions  of  the  moving  load.  Of 
course,  the  greater  the  fixed  load  is  in  proportion  to  the  moving 
load,  the  less  will  be  the  stress  arising  from  flexure. 
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In  fig.  160  let  the  parabolic  line  acOdh  represent  the  curve 
of  equilibrium  for  a  uniform  load,  and  suppose  this  line  also  to 
represent  the  neutral  axis  of  the  arch.  Each  part  of  the  arch 
will  then  be  in  direct  compression. 

If  the  left  half  of  the  arch  be  acted  upon  by  a  moving  load, 
the  curve  of  equilibrium  will  assume  a  position  ac^Od^ b,  so 
that  the  only  points  of  the  arch  which  are  subjected  to  a  direct 
compressive  stress  will  be  a,  O,  and  b;  all  the  other  sections 
being  exposed  to  a  bending  moment  in  addition.  The  direction 
of  the  bending  moment  on  the  lefl  half  is  downwards  and  in  the 
right  half  upwards.     At  the  point  c,  for  example,  there  is — 

1st.  The  direct  compressive  stress,  which  is  equal  to  that  at  O, 
multiplied  by  the  secant  of  the  angle  which  the  tangent  at  c 
makes  with  the  horizontal ;  and 

2nd.  The  bending  stress,  which  is  equal  to  the  pi*oduct  of  the 
latter  into  the  distance  c  c^ 

In  the  same  way  the  total  stress  at  d,  or  any  other  point,  may 
be  found. 

215.  Method  of  Loading  Arched  Ribs.— The  load  is  usually 
applied  to  arched  ribs  by  a  series  of  vertical  pillars  placed  at 
intervals,  the  top  ends  of  the  pillars  being  fixed  to  a  horizontal 
platform  which  carries  the  roadway,  and  the  bottom  ends  being 
fixed  to  the  rib. 

The  load  on  the  roadway  is  thus  transmitted  directly  to  the 
arch.  These  pillars  are  termed  the  spandrils  of  the  arch.  If 
the  pillars  be  placed  at  equal  distances  apart  dividing  the  span  l^ 
into  n  equal  parts,  and  if  the  span  be  uniformly  loaded  with  to 
per  unit  of  length,  then  the  direct  vertical  pressure  on  each 

pillar  = =^. 

'^  n-1 

The  spandrils  may  also  be  formed  of  inclined  bracing. 

216.  Braced  Iron  Arches  are  those  in  which  the  arched  rib 
and  horizontal  rib  are  connected  together  by  diagonal  bracing. 
In  order  to  determine  the  stresses  on  such  an  arch  it  is  assumed 
to  be  pivoted  at  its  crown  and  springings,  so  that  each  half  arch 
with  its  bracings  forms  an  independent  frame  or  girder.  Arches 
of  this  kind  are  frequently  made  without  these  pivots  or  hinges, 
but  with  small  abutting  surfaces  instead ;  the  smallness  of  these 
Burfiices,  as  compared  with  the  other  dimensions  of  the  arch, 
practically  constitutes  the  arch  a  hinged  one. 

Braced  arches  may  be  divided  into  two  classes — 
1st.  Those  in  which  one  of  the  ribs  is  horizontal  and  the  other 
arched. 

2nd.  Those  in  which  both  of  the  ribs  are  arched. 
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An  example  of  the  former  class  is  given  in  fig.  IGl.  In  a 
braced  arch  of  this  form  the  load  is  applied  along  the  top  rib, 
and  both  this  and  the  bottom,  or  arched  rib,  are  exposed  to  com- 
pressive stresses  throughout  their  whole  length,  or  they  are 
supposed  to  be;  as  doubtless  at  the  centre  of  the  arched  member, 
tensile  stresses  are  developed,  though  it  is  impossible  to  deter- 
mine their  amount  by  the  usual  methods  employed. 

In  constructing  a  braced  arch,  or,  indeed,  an  arch  of  any 
description,  it  is  advisable  to  have  it  hinged  at  three  points — 
namely,  at  the  crown  and  at  the  springings.  Even  if  this  is 
not  done  it  is  advisable  to  assume. the  existence  of  these  hinges 
in  order  to  arrive  at  an  intelligent  solution  of  the  stresses. 


Fig.  161. 


Fig.  162. 


With  this  object  the  bottom  member  A  C  is  supposed  to  be 
severed  at  the  centre,  and  hinges  are  supposed  to  exist  at  B,  and 
also  at  the  abutments  A  and  0.  A  further  advantage  of  the 
introduction  of  hinges  is,  that  the  arch  accommodates  itself  to 
alterations  in  length  and  form,  arising  from  changes  of  temperar 
ture  or  passing  loads. 

The  first  thing  to  be  done,  in  order  to  detei^nine  the  stresses 
in  such  an  arch,  is  to  find  the  amount  and  direction  of  the  abut- 
ment reactions.  The  horizontal  component  of  these  two  reactions 
must  in  all  cases  be  equal  to  ea.ch  other  and  act  in  opposite 
directions,  no  matter  what  its  form  or  in  what  manner  it  is 
loaded.  If  this  were  not  so  the  axch  would  move  bodily  towards 
that  abutment  which  exerted  the  least  horizontal  thrust. 

217.  Braced  Arch  with  Single  Load.* — In  the  braced  arch, 
shown  in  fig.  161,  a  weight,  W,  is  placed  at  its  centre ;  if  the 
arch  be  supposed  to  be  hinged  at  the  centre,  B,  the  directions  of 
the  reactions  at  the  abutments  must  pass  through  this  point  along 
the  dotted  lines  A  B  and  0  B.  Their  amoYints  may  be  graphi- 
cally determined  by  drawing  the  vertical  line  B  6  =  W,  and 
drawing  bb^bb^  parallel  to  B  C  and  B  A.     Then  we  have — 

*  I  am  indebted  to  Mr.  Stoney  for  this  aolutian* 
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The  abutment  reaction  at  A  =  B  b^,  and  that  at  0  =  B  52. 

By  drawing  the  horizontal  lines  b,b^  and  ^263,  we  get  b^  63  »  b^b^ 
=  horizontal  thrust  at  B.  These  lines  also  represent  the  hori- 
zontal component  of  the  abutment  reactions. 

Next  consider  the  eiffect  of  a  single  weight,  W^,  resting  on  the 
girder  at  a  point  away  from  the  centre.  The  right  semi-arch  in 
this  case  is  only  acted  upon  by  two  external  forces,  neglecting 
the  weight  of  the  arch  itself — viz.,  the  pressure  of  the  left  semi- 
arch  at  the  crown,  B,  and  the  reaction  of  the  right  abutment. 
As  these  forces  hold  the  semi-arch  in  equilibrium,  they  must  be 
equal  to  each  other  and  act  in  opposite  directions.  Consequently 
the  reaction  of  the  right  abutment  must  pass  through  the 
point  B. 

Considering  the  arch  as  a  whole,  it  is  acted  upon  by  three 
external  forces — viz.,  the  reactions  at  the  two  abutments  and  the 
vertical  load,  Wy  To  constitute  equilibrium  these  forces  must 
meet  in  a  single  point.  To  find  this  point,  c,  produce  C  B  so  as 
to  meet  the  vertical  through  W,  in  c.  Join  c  A;  this  latter  line 
will  represent  the  direction  of  the  reaction  of  the  left  abutment. 
To  determine  graj)hically  the  amounts  of  the  abutment  reactions ; 
on  the  vertical  line  through  c,  set  off  c  c^  =  W^ ;  draw  c^  Cg  and 
<?!  C3  parallel  respectively  to  C  c  and  A  c ; 

c  C2  =  reaction  of  the  left  abutment, 
c  C3  =  reaction  of  the  right  abutment. 

Knowing  these  abutment  reactions,  we  can  determine,  by  the 
aid  of  a  stress  diagram,  the  stresses  on  all  the  members  of  the 
arch  in  the  usual  way. 

21a  Braced  Arch  Loaded  with  a  Number  of  Weights. — In  the 
braced  arch,  shown  in  fig.  161,  suppose  the  apices  to  be  loaded 
with  weights  Wj,  W^  Wg,  &c.  The  stresses  produced  in  each 
member  of  the  arch  by  each  weight  taken  in  succession  may  be 
found,  and  by  adding  all  these  stresses  together,  the  total  stress 
in  each  member  may  be  determined  when  all  the  weights  act 
simnltaneou  sly. 

A  more  direct  plan,  however,  is  first  to  determine  the  abut- 
ment reactions  due  to  all  the  weights  taken  together,  and  then 
to  find  the  stresses  in  the  usual  way  by  the  aid  of  a  stress- 
diagram. 

Wo  will  explain  how  these  abutment  reactions  may  be  graphi- 
cally determined. 

The  braced  arch  may  be  considered  to  be  composed  of  two 
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separate  and  independent  semi-arches  hinged  at  the  crown. 
These  semi-arches  are  in  reality  braced  girders.  We  can,  there- 
fore, determine  by  the  principle  of  the  lever  the  vertical  reactions 
at  the  supports  A,  B,  and  C. 

Let  the  vertical  reactions  at  A  and  B,  for  the  left  semi-arch, 
be  X  and  y  respectively,  and  those  at  0  and  B,  for  the  right 
semi-arch,  be  x^  and  y^. 

In  fig.  162,  on  the  vertical  line  a 6,  set  off  ab  ==  x^,  be  =  y^y 
cd  =  y,  de  ^  X, 

Through  6  and  c^  draw  bO,  dO  parallel  to  BC  and  AB 
respectively ;  join  a  O,  c  O,  and  e  O. 

The  lines  a  O  and  e  O  will  represent  both  in  magnitude  and 
dii*ection  the  reactions  at  the  abutments  C  and  A,  and  the  line 
c  O  represents  the  stre'ss  on  the  pin  at  the  hinge  B. 

Example  1. — A  wrought-iron  braced  arch  of  100  feet  span  has 
•  rise  or  versine  of  10  feet,  and  the  depth  at  the  ends  measured 
from  the  springing  to  the  upper  member  is  12  feet  6  inches. 
The  upper  or  horizontal  member  is  divided  into  eight  equal  bays 
of  12  feet  6  inches  each,  and  the  bracing  consists  of  isosceles 
triangles,  with  the  top  bays  as  bases.  Find  the  stresses  on  the 
various  members  of  the  arch^ 

1.  When  a  load  of  15  tons  rests  on  the  centre, 

2.  When  a  load  of  15  tons  rests  on  an  apex  25  feet  to  the 

right  of  the  centre, 

3.  When  each  apex  is  loaded  with  15  tons. 

Eig.  163  represents  the  arch  drawn  to  scale. 


Fig.  163. 

Case  1. — Fig  164  is  the  stress  diagram  when  the  load  rests  on 
the  centre,  and  is  constructed  thus : — 

Draw  the  vertical  line  a;K  =  15  tons.  Through  x  and  K 
draw  a;  J,  K  J  parallel  to  6  c  and  a  b,  the  direction  of  the 
abutment  reactions. 

K  J  =  reaction  of  left  abutment »  30*9  tons, 
a;  J  =  reaction  of  right  abutment »  30*9  tons. 
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At  the  point  a,  fig.  163,  there  are  three  forces  acting,  viz.,  the 
abutment  reaction  which  acts  in  the  direction  a  b^  and   the 


Fig.  164. 


stresses  on  the  members  A  K  and  A  J.  The  line  J  K,  fig.  164^ 
represents  the  former.  By  drawing  J  A  parallel  to  the  member 
A  J,  and  K  A  parallel  to  the  member  A  K,  we  get — 

JA=Sj^and  AK  =  S^K. 

The  remainder  of  the  diagram  is  constructed  in  the  usual  way. 
The  following  table  represents  the  stresses  on  the  left  half  of 
the  arch,  those  on  the  right  half  being  the  same  : — 

TABLE  LXni. 


FUnges, 

BK 

DK 

FK 

HK 

AJ 

CJ 

EJ 

GJ 

Stress  in  tons, 

-1-7 

-6-6 

-4-8 

+  13-2 

+31-6 

+  36-1 

+36-6 

+27-6 

DiagonalB, 

AK 

AB 

BC 

CD 

DE 

EF 

FG 

GH 

HJ 

Stress  in  tons, 

-2-7 

+  3-2 

-.3-6 

+4-3 

+0-9 

-1'2 

+8-8 

-11-7 

+18-4 

The  horizontal  line  J  J^^  stress  on  the  pin  at  6  =  30  tons. 
This  also  is  equal  to  the  horizontal  component  of  the  reaction 
at  each  abutment 

CcL8e  2. — Fig.  165  represents  the  stress  diagram  when  the 
load  of  15  tons  rests  at  the  point  by, 

AlS  the  reaction  of  the  left  abutment  passes  through  by  fig.  163, 
produce  a  6  so  as  to  intersect  the  vertical  through  6^  at  the 
point  b^  Join  b^c.  This  line  will  represent  the  direction  in 
which  tne  reaction  of  the  right  abutment  acts.  Take  the  vertical 
line  Kj  K,  fig.  165,  =15  tons ;  draw  K^  J,  and  K  J  parallel  to 
e  b^  and  a  b^  ;  then — 
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Kj  J  =  reaction  of  right  abutment  =  1 8*75  tons, 
K  J  =  reaction  of  the  left  abutment  =  15-45  tons. 

The  horizontal  line  through  J,  meeting  K.  K,  represents  the 
horizontal  component  of  the  reaction  of  each  abutment.  This 
also  represents  the  stress  on  the  pin  b  at  the  crown  of  the  arch. 


Pig.  165. 

In  finding  the  stresses  by  the  diagram  we  start  at  the  points 
a  and  c,  fig.  163,  in  succession,  and  find  the  stresses  on  each 
member  from  these  points  towards  the  apex.  This  is  clearly 
shown  in  the  diagram. 

As  a  check  on  the  accuracy  of  the  diagram,  the  last  line 
drawn  for  the  left  half  of  the  arch,  viz.,  H  J,  which  is  drawn 
parallel  to  the  diagonal  H  J,  should  come  to  the  point  J,  so  as 
to  form  a  closed  polygon.  Similarly,  the  last  line  drawn  for  the 
right  half,  viz.,  Hj  J  parallel  to  Hj  J  in  fig.  163,  should  also  pass 
through  J. 

Case  3. — Fig.  166  represents  the  stress-diagram  when  each 
apex  is  loaded  with  15  tons. 
It  is  constructed  by  drawing 
the  vertical  line  K  K^  =  105 
tons,  the  total  load  resting  on 
the  arch.  Set  off  K  K^  =  K,  Kg 
-  Kg  Kg,  <fea,  =  15  tons.  Each 
half  of  the  arch  is  loaded  with 
52-5  tons  The  vertical  pro- 
portion of  the  load  on  the  left 
half  borne  by  the  abutment  at 
a  =  22-5  tons,  and  at  the  apex 
b  is  30  tons.  Similarly,  the 
vertical  reaction  of  the  right 
abutment  at  e»  22*5  tons,  and 


that  on  the  pin  at  the  apex  =  30  tons. 


Fig.  166. 
Set  off,  therefore,  on  the 
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vertical  line  K  K^,  K  a4»K7a;s22-5  tons;  then  a^O^xO 
=  30  tons.     Draw  xJ,x^J  parallel  to  the  dotted  lines  ch  and 

6.  Join  K  J,  K^  J.  These  lines  will  represent  the  reactions  at 
the  left  and  right  abutments  respectively,  both  in  direction  and 
magnitude.  The  horizontal  line  J  O  will  represent  the  horizontal 
thrusts  at  the  abutments,  and  also  the  stress  on  the  pin  at  the 
apex  of  the  arch. 

Knowing  the  abutment  reactions  the  stresses  are  easily  found, 
as  shown  in  the  diagram. 

219.  Stresses  on  the  Braced  Arch  by  the  Principle  of  Moments. 
— The  stresses  on  a  braced  arch  with  only  one  system  of  trian- 
gulation,  may  be  also  determined  analytically  by  the  aid  of  the 
principle  of  moments.  Taking  the  case  we  have  just  been  con- 
sidering— namely,  the  arch  loaded  at  each  apex  with  15  tons — 
let  it  be  required,  for  example,  to  determine  the  stress  in  the 
horizontal  bay  F  Kj. 

Through  a  and  c  draw  a  z  and  c  z  parallel  to  J  K  and  J  K^ 
(fig.  166)  \az  and  c  z  will  represent  the  directions  of  the  abutment 
reactions. 

Braw/Zi  perpendicular  to  the  bay  F  Kg  and/^i  perpendicular 
to  az.  The  portion  of  the  arch  to  the  left  of  the  line//i  is  held 
in  equilibrium  by  three  external  forces  and  the  stress  on  the 
bay  F  Kg*  The  external  forces  are  the  abutment  reaction  equal 
to  131  tons  acting  along  the  line  az,  and  the  two  vertical  loads 
of  15  tons  acting  vertically  downwards  at  the  two  apices.  The 
.  abutment  reaction  tends  to  lift  the  segment  upwards  round  the 
point/ as  a  hinge,  while  the  vertical  loads  at  the  apices  tend  to 
turn  it  in  the  opposite  direction.  Consequently  the  moment  of 
the  stress  in  FKg  must  be  equal  to  the  diiierence  of  the  moments 
of  these  external  forces. 

Sfk,  x//i  =  131  X//2- 15  (6-25  + 18-75)  =131  X  4-8-15  X  25; 
or  SyKa  =  ^3-4  tons. 
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CHAPTER  XVIIL 

ROOFS. 

Stbsssss  ok  Roof  Trussbs. 
220.  Roofing  may  be  divided  into  two  parts,  namely :— « 

1.  The  FraTTieworh 

2.  The  Covering, 

The  architect  has  principally  to  do  with  roofs  made  of  timber, 
while  those  made  of  iron  or  steel  usually  fall  within  the  province 
of  the  engineer. 

Timber  roofs,  as  a  rule,  are  employed  only  in  covering  buildings 
of  small  span,  such  as  houses,  churches,  and  the  smaller  ware- 
houses and  mills. 

The  sizes  of  the  rafters,  purlins,  and  other  members  of  such 
rooiis  are  generally  fixed  by  the  light  of  practical  experience ;  the 
architect  in  too  many  cases  not  troubling  himself  with  the  stresses 
coming  upon  them. 

In  those  roofs  in  which  a  combination  of  timber  and  iron  is 
used,  the  main  rafters  and  struts  of  the  principals  are  made  of 
timber,  while  the  members  in  tension  are  made  of  wrought-iron 
or  steel  rods.  Trusses  of  this  composite  structure  are  not,  as  a 
rule,  to  be  recommended,  for  reasons  which  have  been  referred  to 
in  Art  18. 

The  framework  of  a  roof  consists  of — 

1.  The  main  trusses  or  principals. 

2.  The  purlins  or  scantlings  connecting  the  principals  together. 

3.  The  sash  bars,  intermediate  rafters,  wind  ties,  <fea 

Under  the  head  of  firamework  are  sometimes  included  the 
girders  and  columns  for  supporting  the  roof. 

221.  Main  Principals. — The  main  trusses  or  principals  may  be 
supported  on  walls,  columns,  or  girders,  and  as  far  as  their 
design  is  concerned  may  be  classed  under  two  main  heads,, 
viz. : — 

1.  Complete  trusses  or  those  in  which  the  pressure  on  the 
supports  acts  in  a  vertical  direction. 

2.  Arches,  braced  or  otherwise,  which  produce  an  outward 
pressure  on  the  supports. 


Digitized  by 


Google 


320  ROOFS. 

Trusses  of  the  first-class  may  be  subdivided  into  two  groups: — 

(a.)  Those  with  straight  rafters,  examples  of  which  are  given 
in  figs.  173  and  188. 

(6.)  Those  with  curved  rafters  (Bowstrinig  trusses),  like  that 
shown  in  figs.  194  and  196. 

Fig.  1 67a  is  an  example  of  the  second-class,  and  represents  a 
braced  arch. 

Principals  of  the  first-class  are,  like  an  ordinary  braced  girder, 
self-contained,  and  exert  only  a  vertical  pressure  on  the  supports, 
except  it  be  a  side  thrust  arising  from  the  pressure  of  the  wind. 
The  various  members  of  these  principals  are  exposed  to  compres- 
sive and  tensile  stresses ;  the  main  rafters  beiiig  in  compression 
while  the  bottom  members  or  main  ties  are  in  tension.  The 
intermediate  bracings  connecting  these  together  may  be  exposed 
to  compressive  or  tensile  stresses  according  to  their  position. 

The  load  on  a  roof  being  constant,  or  nearly  so,  it  follows  that 
the  amount  of  stress  on  any  paHicular  member  does  not  vary, 
or  varies  only  in  very  small  degree,  except  in  the  case  of  a  light 
roof  when  a  strong  wind  is  blowing,  or  when  a  large  accumula- 
tion of  snow  takes  place.  It  is  not  often,  however,  that  these 
events  occur,  so  that  practically  speaking  the  stresses  on  the 
different  members  are  constant. 

In  principals  of  the  second-class,  the  stability  of  the  roof 
depends  not  only  on  that  of  the  main  ribs  themselves,  but  also 
on  the  suitability  of  the  supports  to  resist  a  lateral  pressure. 
Generally  speaking,  arched  principals  are  used  only  in  very  large 
spans,  or  where  a  clear  headway  is  required,  or  to  produce  archi- 
tectural effect. 

222.  Simple  Forms  of  Roof  Trasses.— -The  simplest  form  of 
roof  truss  is  the  isosceles  triangle,  shown  in  fig.  167.  The 
height  of  the  apex  above  the  abutments  varies  from  one-fifth  to 
one-third  of  the  span.  The  most  common  being  one-fourth  or  a 
little  more.  A  C  and  B  C  are  the  rafters,  and  A  B  the  main 
tie. 

Let  W  ^  distributed  weight  on  principal, 
^  a  span, 
h  =  height  of  apex  above  tie  bar  or  the  abutment. 

A  uniform  load  W,  so  fiEu:  as  the  direct  stresses  on  the  truss 
are  concerned,  is  equivalent  to  -^  acting  vertically  downwards 
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at  the  apex;  this  i»x>duces  a  vertical  reaction  at  each  of  tha 

W 

abutments  =  -r-, 

.  Taking  moments  about  the  apex,  we  get — 

Wl 


W  I 

Sao  =  Sbc  =  Sab  X  sec  ^  =  -gy  sec  tf 


where  ^= angle  of  inclination  of  the  rafters  to  the  horizontal. 

In  addition  to  this  compressive  stress  on  the  rafters,  they  will 
be  exposed  to  transverse  stresses  with  a  uniform  load ;  if  their 
length  be  considerable  they  become  deflected,  thereby  resembling 
long  bent  struts.      In  this  form   they  do  not  possess  much 


Fig.  167.  Fig.  167o. 

strength ;  hence  the  desirability  of  stiffening  them  by  introduc- 
ing intermediate  bracing.  The  truss  shown  in  fig.  167  is  for  this 
reason  only  suitable  for  very  small  spans. 

If  the  horizontal  tie  be  omitted,  there  will  be  an  outward 

W  I 
horizontal  thrust  on  the  abutments  =  -^-^-, 

o  n 

When  the  span  of  the  roof  is  too  great  for  the  form  of  truss 
shown  in  fig.  167,  further  bracing  should  be  introduced,  as 
shown  in  figs.  168  and  171.  In  these  examples  the  deflection  of 
the  lafters  is  prevented  by  the  introduction  of  struts  which  are 
attached  to  their  central  points  e  and  /.  The  introduction  of 
these  struts,  d  e  and  d/^  necessitates  the  addition  of  the  vertical 
tension  member  bd  to  balance  the  downward  thrusts. 

If  one  of  these  principals  be  loaded  with  a  distributed  weight 

W,  this  weight  will  be  equivalent  to  a  load  of  -j-  on  each  bay, 

W 
or  to  three  loads  of  -7-,  each  resting  at  the  points  e,  h,  and  f^  and 

21 
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W 


two  loads  of  -^  resting  at  a  and  h;  the  upward  reaction  at  each 

abutment  being  equal  to  f  W. 

Fosample  1. — A  roof  is  supported  by  principals  of  the  form 
shown  in  fig.  168,  which  are  35  feet  span  and  8  feet  9  inches 


Fig.  ido. 

in  height,  and  placed  10  feet  apart.  If  the  total  vertical  load  on 
the  roof  be  equal  to  20  lbs.  per  square  foot  of  roof  area,  deter- 
mine the  stresses  on  a  princiiMiL 

Slope  of  roof  a  6  -  >/ (17-5)2 +  (8-76)«  =  19-57  feet 


vig.i7a 

Load  on  one  principal  =  2  x  19-57  x  10  x  20  Iba  =  7828  lbs.  =  70 
ewts.  nearly. 
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This  is  equivalent  to  a  load  of  17*5  cwts.  resting  on  each  of 
the  apices  e,  b,  and  /,  and  loads  of  8*75  cwts.  resting  at  a- 
and  c. 

The  upward  reaction  at  each  abutment  =  26*25  cwts. 

To  construct  the  stress  diagram,  on  the  vertical  line  C  0^ 
(fig.  169),  set  off  CD  =  I>Di  =  DiOi=17-5  cwts.  Take  O  the 
centre  of  C  C^,  then 

C  O  =  Oi  O  =  26*25  cwts.  the  reactions  at  abutments. 

The  further  explanation  of  the  stress  diagram  is  not  neces- 
sary. 

By  scaling,  we  get  the  following  stresses  on  the  different  mem- 
bers of  the  principal : — 


TABLE  LXIV 

• 

Members,   •    •    .    . 

AC 

BD 

BiDi 

AiCi 

AB 

Stress  m  Cwts.,   .    . 

+68-75 

+  39-35 

+39-25 

+58-75 

+  19-5 

Members,   .... 

AiBi 

AO 

AiO 

BBi 

Stress  in  Cwts.,   .    . 

+19-6 

-62-6 

-52-6 

-17-26 

These  results  may  be  checked  thus: — By  taking  moments 
about  6,  we  get — 

8^0^4-375  =  26-25x8-75, 
or  8^0  =  52-6  cwts. 

Example  2. — In  the  last  example,  if  an  additional  load  of 
40  lbs.  per  square  foot  be  distributed  over  the  left  slope  of  the 
roof,  determine  the  stresses. 

In  this  case  the  total  load  at  e«52'5  cwts.,  that  at  6  =  95-0 
cwts.,  and  that  aty=  17*5  cwts. 

The  upward  reaction  at  left  abutment »  61*25  cwts.,  and  that  at 
the  right  abutment  =  43*75  cwts. 

Proceeding  as  before  (in  ^g.  170),  on  a  vertical  line,  make  C  I> 
=  52*5  cwts.,  D  Dj  =  35  cwts.,  and  Dj  Oi  =  17*5  cwts.  AJso  make 
C  0  =  61-25  cwts.,  and  0  Cj^  43*75  cwts.,  and  construct  the  dia- 
gram in  the  usual  way. 

The  following  are  the  stresses  as  found  by  scale : — 
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TABLE  LXV. 


Members,    .    -     ,    . 

AC 

BD 

BiDi 

A.C, 

AB 

Stress  in  Cwt8.,  .     . 

+  138 

+79-6 

+  79-5 

+  99-25 

+59-0 

Members,   .... 

A,B, 

AO 

A,0 

BBi 

Stress  in  Cwts.,  -     . 

+  19-5 

-122-5 

-87-5 

-35-0 

By  taking  moments  about  e  and /in  succession,  we  get — 

S,o  X  4-375  =  61-25  X  8-75,  or  8^0=122-5  tons; 
Sa.  o  X  4-375  =  43-75  x  875,  or  S^,,  o  =   87-5  tons. 

Example  3. — ^Fig.  172  represents  the  stress  diagram  of  the 
truss,  shown  in  fig.  171,  when  loaded  similarly  to  that  in 
Example  1.    This  truss  is  similar  in  every  respect  to  that  shown 


Fig.  171. 


Fig.  172. 


in  fig.  168,  except  that  the  centre  of  the  main  tie  rod  d  is 
raised  2  feet. 

It  will  be  seen  that  the  stresses  in  the  rafters  and  main  ties 
are  considerably  greater  than  those  in  fig.  168.  The  smaller 
the  angle  between  the  rafter  and  the  main  tie,  the  greater  will 
be  the  stresses  on  those  members,  and  consequently  the  less 
economical  the  design.  A  horizontal  tie  bar  gives  the  most 
economical  results.  It  is  often,  however,  advisable  to  raise  its 
central  point  in  order  to  give  increased  head  room,  or  on  account 
of  appearance. 

Figs.  173  and  175  represent  further  developments  of  this  class 
of  truss  in  which   the  main  ties  mav  be  either  horizontal  or 
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inclined,  as  shown.  Roofs  of  these  types  made  in  wrought  iron 
or  steel  may  be  used  for  spans  varying  between  40  and  100  feet 
For  greater  spans  it  is  advisable  to  employ  principals  of  different 
design,  usually  those  of  the  curved  form,  such  as  the  bowstring 
truss  or  the  braced  arch,  being  used. 

Example  4. — Find  the  stresses  on  a  principal,  90  feet  span,  of 
the  design  shown  in  fig.  173.  The  apex  of  the  principal  is 
25  feet  above  the  line  of  the  abutments,  and  the  centre  of  the 
main  tie  is  5  feet  above  the  same  line. 

Each  rafter  is  divided  into  five  equal  bays  by  the  intermediate 


Fig.  173. 


bracing.     The  principals  are  situated  20  feet  apart,  and  the  total 
vertical  weight  coming  on  the  roof  is  equal  to  50  lbs.  per  square 
foot    of     horizontal     area 
covered ;    the   wind     pres- 
sure being  neglected. 

Load  on  principal  =  90 
X  20  X  50  lbs.  =  40  tons 
nearly. 

This  is  equivalent  to  4 
tons  resting  at  each  apex, 
and  the  vertical  reaction  at 
each  abutment  =  18  tons. 

Fig.  174  is  the  stress  dia- 
gram, and  is  constructed 
by  setting  off  on  the  ver- 
tical line  JJj,  JK  =  KL 
&=  L  M,  <S:a,  =  4  tons,  and 
making  J  O  =  JjO  =  18  tons,  Fi«-  174. 

the  reaction  at  abutments. 

The  following  Table  gives  the  stresses  on  one  half  of  the 
principal,  as  found  from  the  diagram,  the  stresses  on  the  second 
half  being  the  same : — 
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TABLE  LXVL 


Main  Rafters,      .    . 

JA 

KB 

LD 

MF 

NH 

Stress  in  Tons,     . 

+46-6 

+41-7 

+  36-3 

+  30-9 

+280 

Main  Ties,.     . 

AO 

CO 

EO 

GO 

Stress  in  Tons, 

-41-6 

-36-4 

-32-0 

-27-3 

Diagonal  Struts, 

AB 

CD 

EF 

GH 

Stress  in  Tons, 

+4-8 

+6-7 

+  7-1 

+  8-7 

Vertical  Ties,  . 

BC 

DE 

FG 

HHi 

Stress  in  Tons, 

-2-0 

-40 

-6-0 

-21-0 

Method  of  MomeiUs. — The  stresses  thus  found  graphically  may 
be  checked  by  E-itter's  method  of  moments.  The  following  are 
the  results  calculated  to  one  place  of  decimals.  In  order  to  find 
the  stresses  on  the  diagonals  and  vertical  bracing  we  take 
moments  about  the  point  a,  and  to  find  the  stresses  on  the 
main  rafter  and  main  tie  we  take  moments  about  the  apices 
Along  the  main  tie  and  the  rafter  respectively. 

For  the  diagonals — 

Sab><    7-4  =  4x    9,  or  Sab  = +4-8  tons. 
Sod  X  18-8  =  4x27,  orSoD=+5-7     „ 
Skpx  30-2  =  4x54,  orSg^^  +7-1      „ 
SoH^  41-2  =  4x90,  orSoH=+8'7     „ 


For  the  verticals — 

Sbc><18  =  4x    9,  orSBc  = 
S|>bX  27  =  4x27,  orS|,B  = 


-2-0  tons. 
-4-0     „ 
S,^jx  36  =  4x54,  orS,o=-6'0     „ 


For  the  rafter  bays — 

Sa  j  X    3-48  =  18x9,  or  Sa  J  =  +  46-6  tons. 

Sbkx  6-9  =18xl8-4x  9,  orSBK= +41-7  „ 
Sol  X  10-4  =18x27-4x27,  or  Sdl= +36-3  „ 
Spy  X  14-0  =  18  X  36  -  4  X  54,  or  SpM=  +  30-9  „ 
jShnx17-4   =18x45-4x90,  or  Shk= +26-0     „ 


Digitized  by 


Google 


8IMPLB   FORMS  OF   BOOF  TBUSSES 


327 


For  the  main  tie— - 

SaoX    3-9  =  18x9,  or  Sao- 

Soox  7-9  =  18xl8-4x  9,  orSoo= 
S,o>^  11-8  =  18x27-4x27,  orS,o- 
SooX  15-8  =  18x36-4x54,  orSeo- 


-41-6  tons. 
-36-4     „ 
-32-0     „ 
-27-3     „ 


Example  5. — A  roof  50  feet  span,  principals  10  feet  apart,  of  the 
form  shown  in  fig.  175, 
is  loaded  vertically  with 
35  lbs.  per  square  foot  of 
roof  area,  distributed 
over  its  whole  surfja.ce. 
In  addition  to  this  there 
is  a  horizontal  wind  pres- 
sure of  40  lbs.  per  square 
foot  on  the  right  slope. 

Determine  the  stresses 
on  the  principal,  the 
angle  which  the  rafters  make  with  the  horizontal  being  30"*. 

Length  of  slope  of  roof  =  25  sec  30''  =  29  feet  nearly. 
Distributed  dead  load  on  roof  =  2  x  29  x  10  x  35 lbs. «  9tons  nearly. 

This  is  equivalent  to  five  vertical  loads  of  1*5  tons  each  resting 
on  the  apices  e,  /,  6,  ^, 
and  A,  and  two  loads  of 
0*75  ton  each  resting  at 
a  and  c  directly  over  the 
abutments. 

By  referring  to  the  table 
on  wind  pressures  (see 
Art  229,  Chap.  XIX.) 
we  find  that  a  horizontal 
wind  pressure  of  40  lbs. 
per  square  foot  acting  in 
a  direction  normal  to  the 
length  of  the  roof  is  equi- 
valent to  a  force  of  26*4 
lbs.  per  square  foot  act- 
ing normally  to  the  slope 
of  th el-oof. 

We  have,  therefore — 

Wind  pressure  acting  on  one  principal  =  29  0  x  10  x  26*4  lbs. 

=  3-42  tons. 


Fig.  176. 
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This  is  equivalent  to  pressures  of  I'H  tons  acting  at  the  apices 
g  and  A,  a  pressure  of  0*57  ton  acting  at  h  and  c,  all  in  a  (Hrec- 
tion  at  right  angles  to  6  c ;  the  pressure  on  c  may  be  neglected, 
as  it  comes  directly  on  the  abutment 

Let  R  and  R^  =  reactions  from  wind  pressure  at  right  and  left 
abutments,  we  get  by  taking  moments  about  a  and  c — 

R  X  43-3  =  0-57  X  U-3  + 1  -14  (24  +  33-6), 

or,  R  =  1'7  tons, 
and  Ri  =  285 -  1-7  =  M5  tons. 

The  vertical  reaction  at  each  abutment  from  the  statical  load 
b3*75  tons.  Draw  the  vertical  lines  6&p  g  g-^,  and  AAp  each 
=  1*5  tons ;  and  6^  h^y  g^  ^2'  A,^  Aj  in  a  direction  perpendicular  to 
h  c,  and  make  h^  o^  =  0*67  ton ;  ^i 5^2 ~ ^  ^*2  =  ^ '-^^  ^^^  >  j^^  ^  ^2> 
gg^,  and  hh^',  then  these  lines  will  represent  graphically  the 
total  loads  acting  at  6,  g,  and  h. 

Again,  draw  the  vertical  lines  aa^  and  c(^  =  3'7o  tons,  and 
o^  ag,  Cj  Cg  perpendicular  to  be,  making  a^a2=l'15  tons,  and 
Cj  C2=  1*7  tons;  then  a  a^  and  c  c^  represent  the  total  reactions  at 
the  left  and  right  abutments. 

In  order  to  construct  the  stress  diagram  take  the  line  £  O 
(fig.  176)  equal  and  parallel  to  a  a^,  and  E^  O  equal  and  parallel 
to  c  Cj,  and  proceed  in  the  usual  manner  to  construe b  the  stress 
diagram.     The  following  table  gives  the  stresses : — 

TABLE  LXVn. 


Rafters,     . 

AE 

BF 

DO 

DiGi 

BiFi 

AiEi 

Stress  in  Tons,  . 

+9*5 

+8-0 

+  6*4 

+61 

+8*2 

+  10-25 

Diagonal  Struts, 

AB 

CD 

CiD, 

AiBi 

Stress  in  Tons,  . 

+  1*62 

+2*05 

+3*66 

+2*66 

Main  Ties, 

AO 

CO 

CiO 

AiO 

Stress  in  Tons,  . 

-7-6 

-6*3 

-7*36 

-9*7 

Vertical  Ties,    . 

BC 

DDi 

BiCi 

Stress  in  Tons,  . 

-0-8 

-4*25 

-1-35 

Digitized  by 


Google 


SIMPLE   FORMS  OF   ROOF  TRUSSES. 


32^ 


The  student  should  check  these  results  by  the  principle  of 
momenta 

Exam/pie  6.— Fig.  177  represents  a  cantilever  truss,  20  feet 
span,  and  is  uniformly  loaded  with  8  tons.  Determine  the 
stresses :  the  inclination  of  the  top  member  being  30"  to  the 
horizontal. 

The  load  is  equivalent  to  2  tons  resting  at  6,  c,  and  d,  and 
1  ton  resting  at  a  and  e. 

The  cantilever  exerts  a  horizontal  thrust  against  the  wall  at 
the  point  g,  and  a  pull  at  e.  This  pull  may  be  taken  up  by  & 
bolt,  ef,  passing  through  the  wall. 

The  stress  diagram  is  shown  in  fig.  178. 

On  the  vertical  line  O  J  make  O  G  =  1  ton,  the  load  acting 
at  a.     GH  =  HI  =  IJ=:2  tons,  the  loads  acting  at  6,  c,  and  d. 


Fig.  177. 


The  diagram  is  then  constructed  in  the  usual  way,  and  the 
stresses  are  given  in  Table  LXVIII.  It  will  be  noticed  that 
the  inclined  member  ae  is  in  this  case  in  tension,  while  the 
horizontal  member  a  g  is  in  compression,  the  reverse  of  what 
occurs  in  an  ordinary  principal  supported  at  the  two  ends.  The 
inclined  bracings  are  struts,  and  the  vertical  bracing  ties  as. 
before.  The  horizontal  line  F  F,  (fig.  178)  represents  the  tensile 
stress  on  the  tension  bolt  ef.  This  may  be  checked  by  taking 
moments  about  g,  thus : — 

S.,x  11-54  =  1  X  20+2  (15  +  10  +  5),  or  S.,=  6-93  tons. 
If,  in  addition  to  the  vertical  loads  on  the  cantileyer,  there  be 
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a  wind  pressure  equal  to  4  tons,  acting  in  a  direction  normal  to 

the  slope  of  the  roof, 
the  stresses  may  be 
determined  thus : — 

The  wind  pressure  is 
equivalent  to  1  ton,  act- 
ing at  each  of  the  apices 
by  c,  and  dy  and  ^  ton 
acting  at  a  and  e ;  that 
at  6  will  not  affect  the 
stresses.  Draw  the 
vertical  lines  aa^j  b  b^, 
e  c^f  and  d  d^^  to  repre- 
sent the  vertical  loads 
at  these  points,  and 
draw  a^  a^,  6j  63,  c^  Cg, 
and  d^  d^  in  a  direc- 
tion  perpendicular   to 


c 
Fig.  179. 

a  e,  and  equal  to  the   wind  pressures  at    these  apices  ;   then 


TABLE 

Lxvm. 

Members  of  Trass. 

Stress  in  Tons  from 
Dead  Load. 

Stress  in  Tons  from 
Wind  Pre8<m«. 

Stress  In  Tons  from 
Total  Load. 

AG 

-20 

-0-87 

-2-87 

BH 

-4-0 

-1-45 

-5-45 

DI 

-60 

-2-0 

-8-0 

FJ 

-8-0 

-2-55 

-10-55 

AO 

+  1-74 

+  1-0 

+2-74 

CO 

+3-48 

+20 

+5-48 

EO 

+  5-22 

+  30 

+8-22 

AB 

+  20 

+  M7 

+317 

CD 

+  2-7 

+  1-5 

+  4-2 

EF 

+  3-5 

+20 

+5-6 

BC 

-1-0 

-0-57 

-1-57 

DB 

-2-0 

-1-17 

-3-17 
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a  a^  bb^  c  e^,  and  d  d^  will  represent  the  total  loads  at  the 
different  apices.  In  fig.  179  draw  0  G,  G  H,  H  I,  and  I J  equal 
and  parallel  to  the  loads  at  a,  bj  c,  and  d,  and  construct  the  stress 
diagram  as  before.  The  complete  stresses  are  given  in  Table 
LXVIII. 

The  main  tie  bar  of  a  principal,  instead  of  forming  one  or 
two  straight  lines,  may  be 
arranged  so  as  to  form 
several,  as  shown  in  fig. 
180;  the  feet  of  the 
verticals  in  such  case  are 
usually  arranged  so  as 
to  lie  in  a  circular  or 
elliptical  curve.  This 
serves    the     purpose    of  -pis. 

giving    the    principal    a 
graceful  appearance,  and  is  frequently  adopted  with  this  object. 

Example  7. — Fig.  180  represents  a  principal  45  feet  span  and 
15  feet  rise  at  the  apex ;  the  centre  point  of  the  main  tie  having 
a  rise  of  4  feet  6  inches,  and  the  feet  of  the  verticals  lying  in 
a  circular  curve.  Fig.  181 
represents  a  stress  diagram  for 
this  principal  when  a  weight 
of  2  tons  rests  on  each  apex ; 
the  principal  being  symme- 
trically loaded,  the  stresses  on 
each  half  will  be  the  same  as 
shown  in  Table  LXIX. 

Fig.  182  represents  a  stress 
diagram  for  the  same  principal 
when  an  additional  weight  of  Fi     181 

snow  equivalent  to  3  tons,  or  ^* 

1  ton  per  bay,  rests  on  the  right  slope.  Under  these  conditions 
the  loading  is  equivalent  to  weights  of  2  tons  resting  at  d  and  e ; 
2}  tons  resting  on  the  apex  c,  and  weights  of  3  tons  resting 
at  /  and  g. 

Reactions  at  lefb  and  right  abutments  are  5*75  tons  and  6*75 
tons. 

In  fig.  182  make  OF  =  5*75  tons,  and  OFi  =  6-75  tons. 

Set  off  F  G  =  G  H  =  2  tons,  H  H,  =  2*5  tons,  and  B^G^ 
=  Gi  Fj  =  3  tons.     The  stresses  are  given  in  Table  LXIX. 

Fig.  183  represents  a  form  of  truss  belonging  to  a  different 
fsunily  or  series  to  those  we  have  been  considering.     It  has  no 
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vertical  members.  The  form  shown  may  be  used  for  small  spans 
up  to  about  40  feet  when  made  in  wrought  iron  or  steel.  It  may 
also  be  used  as  a  composite  truss;  the  rafters  being  made  of 


Fig.  182. 


wood,  the  struts  of  wood  or  cast  iron,  and  the  ties  of  wrought 
iron  or  steel. 

TABLE  LXIX 


MGinbBra. 

stress  in  Tona 

with  Uniform 

Load. 

StrosBinTona 
with  additional 
Load  of  Snow. 

Membera. 

Streas  in  Tona 

with  Uniform 

Load. 

StreaainTona 
with  additional 
Load  of  Snow. 

AF 

+  17-8 

+  20-4 

A,0 

-167 

-21-2 

CG 

+  11-86 

+  14-3 

AB 

-21 

-2-2 

EH 

+7-7 

+  9-8 

CD 

-2-9 

-3-3 

EiH, 

+7-7 

+9-6 

£E, 

-6-6 

-81 

C.G, 

+  11-86 

+  16-7 

D,C, 

-2-9 

-4-0 

AxF, 

+  17-8 

+24-1 

B,A, 

-2-1 

-2-6 

AO 

-16-7 

-17-9 

BC 

+  5-1 

+51 

BO 

-16-2 

-17-3 

DE 

+4-3 

+4-7 

DO 

-9-9 

-11-9 

EiDi 

+4-3 

+6-3 

D^O 

-9-9 

-131 

C,B, 

+6-1 

+7-1 

B,0 

-15-2 

-20-5 

Digitized  by 


Google 


SIMPLE   FORMS   OF   ROOF  TRUSSES. 


333 


Eixample  8. — Determine  the  stresses  on  the  truss  shown  in 
fig.  183  ;  the  span  being  3d  feet,  height  of  apex  8  feet  9  inches, 
and  height  of  the  horizontal  tie  1  foot  9  inches. 

It  supports  a  uniformly  distributed  load  of  6  tons.  This  load 
is  equivalent  to  three  loads  of  1*5  tons  resting  on  the  apices 
d^  c,  and  e^  and  two  loads  of  0*75  ton  resting  at  a  and  5. 

Net  vertical  reaction  at  each  abutment  =  2-25  tons. 


Fig.  183. 


Fig.  184. 


Fig.  184  represents  the  stress  diagram,  and  the  following  are 
the  stresses : — 


TABLE  LXX. 

MembeTS, 

AD 

BE 

BiEi 

AiDi 

AO 

BC 

Stress  in  Tons, 

+  7-76 

+  7-09 

+  7-09 

+7-76 

-702 

-.3-48 

Members, 

CO 

CB, 

A^O 

AB 

BxA, 

Stress  in  Tons, 

-3-8 

-3-48 

-702 

+  1-33 

+  1-33 

The  results  may  be  checked  by  moments. 
Thus  to  find  stress  on  the  horizontal  tie ;  by  taking  moments 
about  the  apex  we  get- 
So  o  x  7  =  2-25  X  17-5  -  1-5  X  8-75, 
or  So  o  =  3'75  tons. 

The  form  of  truss  shown  in  fig.  185  is  merely  a  development 
of  the  last,  and  may  be  used  for  larger  spans,  say  up  to  45  or 
even  50  feet.  Instead  of  each  rafter  being  stiffened  by  one  strut, 
two  are  introduced ;  the  points  where  they  intersect  the  rafter 
dividing  it  into  three  equal  bays. 
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Hxample  9. — Draw  a  stress  diagram  for  a  principal  50  feet 
span  similar  to  that  shown  in  fig.  185,  the  height  of  the  apex 

from  the  wall  plate  being  13  feet, 
t^     ^  and  that  of  the  central  horizontal 

tie  being  1  foot  6  inches.  The 
principals  are  situated  15  feet 
apart,  and  the  vertical  load  on 
the  roof  is  equal  to  36  lbs.  per 
Fig.  185.  square  foot  of  the  horizontal  area 

covered. 
Weight  on  each  principal  =  50  x  15  x  36  lbs,  =  12  tons  nearly. 
This  is  equivalent  to  a  weight  of  2  tons  resting  at  each  of  the 
five  apices  of  the  principal 

Vertical  reaction  at  each  abutment  =  5  tons. 


Fig.  186.  Fig.  187. 

Fig.  186  is  the  stress  diagram.     By  scale  we  get — 
TABLE  LXXI. 


Members, 
Stress  in  ToaiB, 

AE 
+13-6 

BF 
+  11-2 

CO 

+  11-8 

+  11-8 

BxF, 
+  11-2 

A,E, 
+  13-6 

AO 
-121 

CD 
-60 

Members, 
Stress  in  Tons, 

DO 
-6-6 

CjD 
-6-0 

A^O 
-121 

AB 
+2-3 

BO 
+  2-3 

CxB, 
+2-3 

BxA, 
+2-3 

By  taking  moments  about  the  apex  we  get — 

Soo  X  11-5  =  5  X  25-2  (8-3  +  16-6),  or  Spo  =  6-52  tons, 
which  agrees  very  nearly  with  the  result  found  by  the  diagram. 
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Eoecnnple  1 0. — In  the  last  example,  if  the  left  slope  of  the  roof 
be  covered,  in  addition,  with  snow  weighing  6  lbs.  per  square  foot 
of  horizontal  area,  determine  the  stresses  on  the  truss. 

Weight  of  snow  on  principal  =  26  x  15  x  6  lbs.  =  1  ton  nearly. 

This  is  equivalent  to  ^  ton  on  each  bay  on  the  left  slope,  so 
that  the  total  load  on  the  principal  will  be  distributed  as  follows : — 

At  the  points  d  and  e  there  will  be  loads  of  2^  tons,  at  c  of  2^ 
tons,  and  at /and  ^  of  2  tons. 

Reactions  at  left  and  right  abutments  are  5*58  tons,  and  5*25 
tons.     Fig.  187  represents  the  stress  diagram. 

O  E  =  5-58  tons,     O  Ej  =  5-25  tons,     E  F  =  F  G  =  2J  tons, 
G  Gi  =  2^  tons,    Gj  Fj  =  Fj  El  =  2  tons. 

The  following  are  the  stresses : — 

TABLE  LXXn. 


Members, 
Stress  in  Tons, 

A£ 
+  15-4 

BF 
+  12-6 

CG 
+  13-3 

CxG, 
+  12-2 

B.F, 
+  11-5 

A,E, 
+  14-0 

AO 
-13-75 

CD 
-70 

lAexnDers,       . 
Stress  in  Tons, 

DO 
-7-3 

C,D 
-5-7 

A^O 
-12-6 

AB 

+2-8 

BC 

+  2-8 

0,B, 

+2-4 

B,A, 
+24 

Taking  moments  about  c  we  get — 

S„o  X  ll-5  =  5-25  X  25-2  (8-3  +  16-6),  or  Sdo=71  tons, 
which  agrees  very  nearly  with  that  found  from  the  diagram. 

223.  Freneh  TniBS^— The  form  of  principal  shown  in  fig.  188 
is  generally  known  as  the  "French  Truss."  Figs.  183  and  185  are 
modifications  of  it.  This  is  a  &yoTirite  truss  for  spans  varying 
from  40  to  80  feet. 

Example  11. — Determine  the  stresses  on  the  principal  shown 
in  fig.  188:  the  span  is 
70  feet,  slope  of  ra^rs  to 
horizontal  =  30',  rise  (rf 
horizontal  tie -bar  above 
wall -plate,  3  feet.  The 
principals  are  placed  16 
feet  apart,  and  the  yertical 
load  on  the  roof  is  assumed 

at  50  lbs.  per  square  foot  Fig.  188. 

of  horizontal  area^ 

Total  load  on  principal  :=  70  x  16  x  50  lbs.  —  25  tons. 
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This  is  equivalent  to  loads  of  3*125  tons  acting  at  each  of  the 
points  df  e,/,  c,  g,  h,  and  i,  and  loads  of  1*5625  tons  acting  at 
a  and  b  directly  over  the  abutments. 

As  the  stress  diagram  for  this  principal  involves  a  little  diffi- 
culty, we  shall  describe  it  in  detail. 

Vertical  reaction  at  each  abutment  =  10*93  tons. 
In  ^g.  189,  on  a  vertical  line  make  H  O  =  O  H,  =  10*93  tons. 
SetoffHI  =  lJ  =  JK  =  KKi  =  K,Ji  =  JiIi  =  IiHi  =  3*125tons. 
Consider  the  stresses  on  the  left  half  of  the  truss. 
Draw  H  A  parallel  to  rafter  a  c,  and  O  A  parallel  to  main  tie 
€tj.     Next  consider  forces  acting  at  d;  draw  I  B  parallel  to 

rafter,  and  A  B  parallel 
to  strut  A  B — ^these  lines 
give  the  stresses  on  those 
members.  Next  consider 
stresses  acting  at  the 
point  I;  all  these  are 
known  except  those  on 
BC  and  CO;  draw  BO 
(^g.  189)  parallel  to  B  0, 
meeting  AO  in  C,  then 
BC  =  SBoand  CO  =  Sco. 
At  this  point  the  diffi- 
culty occurs.  If  we  con- 
sider either  the  points  e 
or  ;  we  find  that  there 
are  three  unknown  forces 
acting  at  each  of  them, 
and  consequently  by  the 
ordinary  method  the  forces 
Are  indeterminate,  and  it  will  be  necessary  to  make  an  assump- 
tion of  the  stress  upon  one  of  the  members.  From  the  position 
-of  the  strut  C  D  it  might  reasonably  be  supposed  that  the  stress 
upon  it  is  double  that  on  the  strut  A  B,  and  the  correctness  of 
this  assumption  is  subsequently  verified  by  the  stress  polygon 
closing.  Consider  then  the  forces  acting  upon  e,  two  of  which 
only  are  unknown.  Draw  C  D  (fig.  189)  parallel  to  C  D,  and 
make  it  equal  to  twice  A  B.  Through  D  draw  D  E  parallel  to 
D  E,  and  through  J  draw  J  E  parallel  to  the  main  rafter  and 
meeting  DE  at  E.  We  have  then  DE  =  Sde,  and  JE  =  Sjb. 
The  remainder  of  the  diagram  presents  no  difficulty.  By  draw- 
ing D  G  parallel  to  tie  D  G,  and  O  G  parallel  to  the  horizontal 
tie  GO,  we  get  DG  =  Si,o,  and  GO  =  Soo>  and  so  on  for  the 
remainder  of  the  diagram. 


Fig.  189. 
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The  stresses  on  the  right  half  of  the  principal  are  the  same  as 
those  on  the  left,  and  if  the  diagram  be  correctly  drawn  it  will 
be  found  to  close. 

The  following  table  gives  the  stresses  on  one  half  of  the  truss. 

It  is  usual  in  principals  of  this  class  to  introduce  a  vertical 
member  connecting  the  apex  with  the  centre  of  the  horizontal 
tie  G  0.  Theoretically  there  is  no  stress  on  this  vertical,  and  it 
is  not  shown  in  the  figure.  The  reason  of  its  introduction  is  to 
keep  the  horizontal  tie  straight. 


TABLE  LXXm. 


Ck>mpreB8iYe  Mem- 
ben,        .        . 

|ha 

J 

IB 

JE 

KP 

AB 

CD 

EF 

Streas  in  Tons,    . 

+28-6 

+26-9 

+25-4 

+23-8 

+2-6 

+6-2 

+2-6 

Tension  Members, 

AO 

CO 

GO 

DG 

FG 

BC 

DB 

Stress  in  Tons,    . 

-24-8 

-21-3 

-12-6 

-9-6 

-13-2 

-.3-6 

-3-6 

By  taking  moments  about  c,  we  obtain — 

Soo  X  17-3==  10-93  X  36-3-125  (8-75 +  17-5 +  26-25), 
or  So  0  =  12-63  tons. 

Several  modifications  of  the  French  truss  are  in  common  use, 
and  by  the  introduction  of  extra  counterbracing,  principals  of 
this  class  may  be  used  for  spans  up  to  150  feet  The  method  of 
calculating  the  stresses  on  such  structures  is  similar  to  what  has 
already  been  given  ;  no  fresh  difficulties  arising  in  the  construc- 
tion of  the  stress  diagrams. 

224.  Saw-Tooth  Trass. — An  example  of  this  form  of  truss  is 
shown  in  fig.  190,  where  it  will  be  noticed  that  the  inclination 
of  the  rafters  is  different.  This  form  of  truss  is  extensively  used 
in  weaving  sheds  and  other  fa,ctories  where  a  steady  light  is 
required.  The  shorter  and  steeper  inclination  of  the  roof  is 
glazed  and  faces  the  north,  thereby  giving  a  steady  light ;  while 
the  longer  slope  is  usually  covered  with  slates  or  tiles ;  these 
latter  being  supported  on  w  rough t-iron  angle  laths  which  are 
spaced  from  8  to  14  inches  apart,  according  to  the  size  of  the 
slates  or  tiles. 

22 
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Example  12. — ^Determine  the  stresses  on  the  truss  shown  in 
fig.  190,  the  span  being  20  feet,  and  the  rafters  inclined  at  60^ 
and  30°.  The  principals  are  placed  11  feet  apart,  and  the  vertical 
load  on  the  roof  is  40  lbs.  per  square  foot  of  the  horizontal 
projection. 

Total  load  on  principal  =  20  x  11  x  40  lbs.  »4  tons  nearly. 

This  load  is  apportioned  in  such  a  manner  that  0*5  ton  rests 
at  a,  1-25  tons  at  c,  1*5  tons  at  d^  and  0*75  ton  at  b.    The 


Fig.  100. 


Kg.  191. 


abutment  reactions  in  trusses  of  this  description  may  be  most 
readily  found  by  the  aid  of  a  polar  diagram  and  funicular 
polygon  as  shown  by  the  dotted  lines. 
The  vertical  reactions  at  a  and  h  are — 

D  O  (fig.  191)  =  1*5  tons,  and  O  F  « 1*25  ton& 

These  reactions  may  be  checked  analytically  in  the  usual  way. 
The  stresses  on  the  truss  as  found  from  the  stress  diagram  are 
as  foUows  :— 

TABLE  LXXIV. 


Members, 
Stress  in  Tons, 

DA 
+1-76 

EB 
+  1-75 

FC 
+2-6 

BC 
+  1*26 

AO 
-0-875 

AB 
-1-25 

CO 

-2*125 

The  stress  on  A  O  may  be  checked  by  taking  moments  about  c; 
thus — 

Sa  0  ><  8-6  =  1*5  X  5,  or  S^  o  =  0*87  ton. 
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The  form  of  truss  represented  in  fig.  192  is  commonly  employed 
at  railway  stations  for  cover- 
ing island  platforms.  The 
roof  is  supported  by  two  lines 
of  columns — one  at  a,  and  the 
other  at  o^,  upon  which  the 
truss  is  supported,  so  that 
the  overhanging  portions  abe 
and  Oj  fcj  Cj  are  cantilevers 
which  are  connected  together  by  the  braced  girder,  acc^a^^ 

Example  13. — In  the  truss  shown 
in  fig.  192  the  distance  between  the 
columns  a  and  Oj  is  15  feet,  the  over- 
hanging portions  a  b  and  o^  b^  are  also 
each  equal  to  15  feet.  The  rafters  b  c 
and  b,  c.  are  inclined  to  the  horizontal 
at  30i 

Determine  the  stresses  on  the  truss 
when  two  loads  of  1  ton  each  rest  at  the 
extremities  b  and  6^,  and  loads  of  2  tons 
each  rest  on  d,  c,  e,  Cj,  and  d^. 

The  vertical  reactions  at  the  points 
of  support  a  and  Oj  are  equal  to  6  tons 
each.  In  fig.  193,  on  a  vertical  line  set 
offEP  =  lton,  FG  =  OH  =  HHi  =  2 
toQS,  E  0  =  6  tons,  the  vertical  reaction 
at  €L 

The  diagram  is  constructed  in  the 
manner  already  explained. 

Table  LXXV.  gives  the  stresses  on 
the  left  half;  those  on  the  right  half  being  the  same. 


Fig.  193. 


TABLE  LXXV. 


Members,     .    . 
Stress  in  Tons,  • 


PA 
-2-0 


GB 

-40 


HD 
-2-65 


BC 

+5-01 


CD 
-1-35 


AE  I  CO  I  AB  DDi 
+  1-73 +3-45' +2-0 +2-0 


225.  Curved  Boof  Trusses. — In  calculating  the  stresses  on 
curved  trusses,  the  top  member  or  bow  is  assumed  to  be  made 
up  of  a  series  of  straight  lines  3  the  portions  of  the  curve  between 
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two  adjacent  apices  being  considered  to  be  straight.  This 
assumption,  as  has  been  explained  in  the  case  of  bowstring 
girders,  has  little  or  no  effect  in  altering  the  stresses  on  the 
truss.  The  main  ties  of  such  trusses  may  be  arranged  in  one  or 
more  straight  lines.  In  the  latter  case  the  points  of  intersection 
of  the  ties  usually  lie  in  the  curve  of  a  circle  which  must  be  of 
larger  radius  than  that  of  the  top  member. 

Fig.  194  represents  a  simple  form  of  curved  truss  of  the 
ordinary  bowstring  pattern ;  the  main  tie-bar  being  horizontal. 
If  the  purlins  rest  on  the  apices  d,  e,  0,/^  g,  it  is  evident  that 
each  bay,  ad,  de,  ec,  <bc.,  will  have  a  tendency  to  bend  outwards 
from  the  effects  of  the  compressive  stress. 

It  is  important,  therefore,  that  the  top  member  of  trusses 
loaded  in  this  manner  be  made  sufficiently  stiff  to  resist  this 
bending  action. 

It  is  also  advisable  not  to  expose  curved  rafters  of  this  de> 
scription  to  so  great  a  working  stress  as  straight  rafters,  especially 
if  the  radius  of  the  curve  be  small. 

If  the  purlins  rest  at  or  near  the  centres  of  the  different  bays, 
this  tendency  to  bend  is  to  a  certain  extent  counterbalanced  by 
the  dead  weight  acting  through  the  purlin.  Under  such  con- 
ditions, the  curved  member  is  in  a  more  favourable  condition  to 
resist  the  compressive  stress  than  is  the  case  with  straight  rafters 
similarly  loaded. 

In  curved  roofe  the  wind  pressure  is  not  of  equal  intensity 
along  one  side,  as  it  is  in  roofs  with  a  straight  slope ;  the  slope 

being  different  at  differ- 
ent parts  of  the  curve, 
the  intensity  of  the  wind 
pressure  per  unit  of  area 
will  vary  as  well  as  its 
direction.  To  calculate 
with  exactitude  the 
stresses  arising  from  this 
force  is,  therefore,  a  tedious 
operation,  and  for  all 
practical  purposes  it  will 
be  sufficiently  accurate  to  take  the  mean  pressure  and  direction 
into  consideration. 

Example  14. — Find  the  stresses  on  the  truss  shown  in  fig.  194 
the  span  being  55  feet  and  the  rise  8  feet  3  inches,  the  top 
member  being  the  curve  of  a  circle  of  50  feet  radius ;  loads  of  2 
tons  rest  at  the  apices  d  and  e,  1  '5  tons  at  e,  and  1  ton  each  at 
/and^. 


Fig.  lOi. 
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The  reactionfl  at  the  abutments  are  most  readily  determined 
by  the  aid  of  a  polar  diagram  and  funicular  polygon,  as  shown 
by  the  dotted  lines  in  figs.  194  and  195. 

r 


F  O  and  F^  O  (fig.  195^  represent  the  reactions  of  left  and 
right  abutments,  and  the  fig.  represents  the  stress  diagram. 
The  following  are  the  stresses  on  the  truss : — 


TABLE  LXXVL 


Top  Members, 

FA 

GB 

HD 

HiDi 

GiB, 

FiAi 

Stress  in  Tons, 

+8-8 

+7-9 

+  7*26 

+6-7 

+6-5 

+6-7 

Main  Tie, 

AO 

CO 

EO 

CiO 

AiO 

Stress  in  Tons, 

-7-7 

-7-6 

-7-0 

-6-3 

-6-9 

Diagonals, 

AB 

BO 

CD 

DE 

EDi 

DiCi 

CiBi 

BiAi 

Stress  in  Tons, 

+0-2 

-0-1 

+0-6 

-0-5 

+0-5 

-0-5 

+0-2 

-0-3 

By  taking  moments  about  the  apex  e,  we  get — 

S.0 X  8-25  =  4-3  X  27-5  -2(2M  + 10),  or  S«o=6-8  tons. 

This  differs  slightly  from  the  stress  as  found  by  scale. 
Example  15. — Fig.  196  represents  a  circular  truss  100  feet  span^ 
the  versines  of  the  two  flanges  being  12  feet  6  inches  and 
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20  feet.     The  points  of  intersection  of  the  diagonal  braces  tnth 

the  top  and  bottom 
flanges  lie  in  the  arcs 
of  circles.  The  lengths 
of  the  panels  of  the  top 
flanges  are  all  equal  to 
each  other.  Those  in 
the  bottom  member  are 
Fig.  196.  ^^  equal  to  each  other 

except  the  two  end  ones 
which  are  once  and  a  half  the  length  of  the  intermediates.  Each 
bay  is  supposed  to  be  loaded  with  1}  tons,  so  that  a  weight  of  1^ 
tons  rests  on  each  apex  of  the  top  member  and  weights  of  i  ton 
rest  directly  on  the  abutments. 


Fig.  197. 

The  radii  of  the  top  and  bottom  curves  are  72*5  and  106-25 
feet  respectively. 

The  vertical  reaction  at  each  abutment  =  5*25  tons. 

Fig.  197  is  the  stress  diagram.     H  O  =  Hj  O  =  5-26  tons. 

The  stresses  for  one-half  the  trass  are  given  in  Table  LXXYIL 

Taking  moments  about  the  apex  we  get — 

Sao X 7-75  =  5-25 x 50 - 1-5  (1375  + 2675  +  39-0), 
or  Sao  =  13'^  tons, 

'Which  gives  a  check  on  the  accuracy  of  the  diagram. 

It  will  be  seen  that  in  trusses  of  this  description  uniformly 
loaded,  the  stresses  on  all  the  braces  are  tensile,  and  are  nearly 
^qual  to  each  other,  with  the  exception  of  the  two  nearest  the 
abutments. 
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Example  16. — In  the  last  example  determine  the  stresses  on 
the  truss  if  the  right  half  be  loaded  with  an  extra  ton  to  the 
bay. 

In  this  case  the  loads  on  d,  e,  and/  are  1*5  tons  as  before,  the 
load  on  c  =  2*0  tons,  and  the  loads  on  Z^,  e^,  and  d^  are  2*5  tons. 


Fig.  198. 

The  reactions  at  the  abutments  may  be  found  graphically  by  * 
polar  diagram  and  funicular  polygon,  or  else  analytically  by 
the  method  of  moments.  By  either  method  we  find  abutment 
reactions  at  a  and  b  equal  to  6*2  tons  and  7 '8  tons  respectively. 

Fig.  198  is  the  stress  diagram,  where  HI=3lJ«JK=3l*5  tons, 
K  Ki  =  20  tons,  K^  J^  =  Ji  Ii  =  Ii  H^  =  2-5  tons. 

Also  HO  =  6*2  tons  and  H^O  ^7*8  tons,  the  reactions  at 
a  and  5. 

The  stresses  are  given  in  Table  LXXYIII. 

By  taking  moments  about  e  we  get — 

So  0x7-75  =  6-2x50 -1-5  (13-75 +  26-75 +  39-0). 
or  800  =  2^*6  tons. 
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CHAPTER    XIX. 

ROOFS — wnAinvAd. 

Practical    Details. 

226.  Design  of  Boofs.— In  proceeding  to  design  a  roof  it  is 
necessary  that  the  designer  have  information  on  certain  specific 
points  for  his  guidance.  In  the  first  place  the  general  character 
of  the  building  has  to  be  considered.  The  kind  of  roof,  for  ex- 
ample, which  would  be  suitable  for  an  important  public  building, 
such  as  a  railway  station,  would  be  entirely  out  of  place  for  a 
mill  or  warehouse. 

A  roof  for  a  railway  station  should  not  only  be  designed  from 
an  utilitarian  point  of  view,  which  in  all  cases  should  be  the 
principal  consideration,  but  also  some  importance  should  be 
attached  to  architectural  appearance.  This  latter  consideration 
is  frequently  attained  by  having  large  spans  and  bold  outlines. 
Hence  we  find  that  in  many  important  railway  stations  the 
building  is  covered  by  one  large  span  of  curved  outline.  A  roof 
of  this  class  has  much  to  recommend  it  in  preference  to  a  number 
of  smaller  spans ;  an  imposing  lofby  structure  is  obtained,  and 
there  is  plenty  of  ventilation,  and  in  addition  there  are  no 
columns  or  intermediate  walls  to  obstruct  the  traffic.  The  main 
objection  to  these  large  spans  is  that  they  are  more  expensive 
than  a  number  of  smaller  ones  of  the  same  aggregate  span. 

In  buildings  of  little  architectural  pretensions,  such  as  ware- 
houses, markets,  mills,  ^,  it  will  be  found  more  advantageous 
to  arrange  the  roof  in  a  series  of  small  spans  varying  say  from 
20  to  80  feet.  To  do  this  it  will  be  necessary  to  introduce  inter- 
mediate walls  or  columns.  These  latter,  instead  of  being  an 
obstruction,  are  often  useful  for  supporting  the  shafting  or  the 
gantry  girders  of  cranes. 

Eoofs  of  from  50  to  60  feet  span  are,  practically,  the  most 
economical,  for,  though  in  smaller  spans  the  weight  of  ironwork 
in  the  framing  is  less  in  proportion  to  the  area  covered,  yet  this 
is  more  than  cotmterbalanced  by  the  extra  number  of  columns  as 
well  as  by  the  extra  cost  of  covering,  as  there  will  be  more  ridges 
gutters,  and  flashing,  which  add  considerably  to  the  ooet 


Digitized  by 


Google 


346  R00F8. 

227.  Loads  on  Roofs.— The  loads  on  roofs  may  be  divided 
into  two  kinds — 

1.  Tlie  Permanent  or  Statical  Loads  ; 

2.  The  Accidental  or  Dynamical  Loads, 

The  Permanent  loads  may  be  subdivided  into — 

(a)  The  weight  of  the  Structure  itself  including  that 
of  the  principals,  purlins,  intermediate  raftera,  and 
framing  generally ; 

(6)  The  weight  of  the  covering. 

The  Accidental  loads  comprise — 

{c)  The  weight  of  snow  ; 
{d)  The  pressure  of  the  wind. 

We  shall  consider  each  of  these  separately. 

(a)  and  (6)  for  any  given  roof  are  always  constant  from  one 
end  of  the  year  to  the  other,  and  they  always  act  in  a  vertical 
direction. 

The  weight  of  a  principal  of  a  certain  design  for  a  given  span 
depends — 

(1)  On  the  distance  apart  at  which  the  principals  are  placed ; 
and 

(2)  On  the  nature  of  the  covering. 

With  the  same  kind  of  covering,  and  when  the  distance  apart 
of  the  principals  is  constant,  the  weights,  theoretically  speaking, 
will  vary  as  the  squares  of  the  spans,  and  in  practice  the  actual 
result  is  not  very  different  from  this.  Mr.  Barlow  tried  to  arrive 
a.t  the  weights  of  principals  of  different  spans  on  this  basis,  and 
he  came  to  the  conclusion  that  with  ordinary  wrought-iron 
trussed  principals  placed  30  feet  apart,  when  the  covering 
consists  of  boarding,  slating,  and  glass,  the  number  of  tons  of 
iron-work  in  each  principal  is  approximately  equal  to  the  sqnare 
of  the  span  multiplied  by  the  distance  apart  of  the  principals  (30 
feet)  and  divided  by  32,000. 

Let  S  =  span  in  feet ; 

W  =  weight  of  principal  in  tons ; 

(S)«_x_30, 
-     32,000 

The  following  table  gives  the  weights  of  wrought-iion  princi- 
pals when  placed  30  feet  apart  for  different  i^ans  calcmlated  on 
this  basis: — 
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Span  In  Feet 

Weight  of  Principal 
InTooa. 

SpuinFeet 

Weight  of  Principal 
in  Tons. 

80 
100 
120 

6-0 

9-4 

13-5 

160 
200 
250 

211 
37*6 

•       58*6 

The  weights  as  determined  by  thiB  rule  appear  to  be  excessive, 
especially  in  the  case  of  the  smaller  spans. 

It  is  only  in  roofs  of  Large  span  that  the  weight  of  the  framing 
onus  the  larger  proportion  of  the  total  load. 

The  weight  of  the  covering  is  usually  estimated  at  so  many 
pounds  per  square  foot  of  ground  area  covered  by  the  roof,  or  by 
fio  many  pounds  per  square  foot  of  roof  surface.  Approximately 
the  framing  and  covering  taken  together  will  weigh  about  20  lbs. 
per  square  foot. 

228.  Weight  of  Snow  on  Roofs. — ^The  weight  of  snow  which 
may  accumulate  on  a  roof  does  not  often  in  this  climate  exceed 
6  lbs.  per  square  foot  of  the  horizontal  area  covered  by  the  roof, 
and  it  will  be  sufficient  if  this  estimate  be  taken  for  the  maximum 
weight.  Snow  which  has  freshly  fallen  is  only  about  one-tenth  the 
weight  of  water  taken  bulk  for  bulk,  so  that  for  a  weight  of  6  lbs. 
per  square  foot  there  would  be  nearly  12  inches  average  depth. 

229.  Wind-Pressure  on  Roofs. — ^Wind-pressure,  another  acci- 
dental load,  is  an  item  of  great  importance.  In  high  pitched 
roofs,  in  exposed  situations,  the  pressure  from  the  wind  may 
produce  greater  stresses  on  the  framework  than  all  the  other 
loads  put  together.  It  is  difficult  to  say  what  is  the  maximum 
wind-pressure  per  square  foot  of  surfiice  in  this  country,  but  it 
is  not  likely  to  exceed  40  lbs.  distributed  over  a  surface  of 
considerable  extent,  and  it  is  only  on  very  rare  occasions  that  it 
will  reach  this  intensity.  Greater  pressures  have  been  registered 
on  small  areas,  but  in  dealing  with  roofs  this  need  not  affect  the 
result.  The  full  force  of  the  wind  will  only  be  exerted  on  sur- 
fitces  perpendicular  to  the  direction  in  which  it  blows.  Generally 
this  direction  is  horizontal  or  nearly  so ;  the  pressure  per  square 
foot  on  the  inclined  surfieice  of  a  roof  will  consequently  be  much 
less  than  40  lbs. ;  its  actual  amount  varying  with  the  angle  of 
inclination. 
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Let  F,= in  tensity  of  wind-pressnre  on  a  surface  in  a  direction 
normal  to  it,  , 

Fj^»  component  of  this  pressure  parallel  to  the  direction 

of  the  wind, 
F«B  component  of   the    pressure   perpendicular   to   the 
direction  of  the  wind. 
The  following  table,  which  is  deduced  from  experiments  made 
by  Hutton,  gives  the  values  of  P^  P^  and  Pj^  in  lbs.  per  square 
foot  on  surfaces  inclined  at  different  angles  to  the  horizontal, 
the  wind  being  supposed  to  blow  in  a  horizontal  direction  with 
an  intensity  of  40  lbs.  per  square  foot  on  a  surface  normal  to  its 
direction : — 

TABLE  LXXX. 


Angle  of  Boof  . 

P,u 

Pp. 

Pa. 

6* 

6-0 

4-9 

0-4 

W 

9-7 

9-6 

1-7 

2xr 

18-1 

17-0 

6-2 

80- 

26-4 

22-8 

13-2 

W 

33-3 

26-5 

21-4 

6(f 

381 

24-6 

29-2 

eor 

400 

20-0 

340 

70- 

41-0 

14-0 

38*5 

m" 

40-4 

70 

39-8 

90- 

40-0 

0-0 

40-0 

The  action  of  wind,  as  affecting  roofs,  is  greatest  when  it 
blows  in  a  direction  normal  to  the  length  of  the  roof,  in  which 
case  it  can  only  act  on  one  side.  It  could  only  act  on  both  sides 
simultaneously  when  it  blew  in  a  vertical  direction,  which  it 
never  does,  except  as  a  momentary  gust. 

When  the  wind  blows  in  a  direction  normal  to  the  cross- 
section  of  the  roof,  it  has  little  or  no  effect,  provided  there  be 
gable  walls.  If  there  be  only  gable  screens  the  effect  of  the 
wind  will  be  to  tend  to  push  over  one  principal  on  to  the  next ; 
this  tendency  is  counteracted  by  the  purlins  and  wind  bracing. 
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Mr.  Matheson  considers  that  a  total  allowance  of  from  3000  to 
4000  lbs.  per  square,*  for  both  wind  and  snow,  is  in  Europe 
sufficient.  This  allowance  errs  rather  on  the  side  of  excess,  for 
it  must  be  remembered  that,  when  a  high  wind  is  blowing,  any 
snoinr  collected  on  a  roof  would  be  blown  off,  so  that  practically 
it  is  not  necessary  to  consider  both  acting  at  the  same  time. 

The  French  engineers  in  connection  with  the  first  Paris 
^Exhibition  went  carefully  into  this  question,  and  they  allowed 
as  little  as  22  lbs.  per  square  foot  for  the  arched  roof  measured 
on  the  surface  for  wind  and  snow  combined.  This  estimate, 
however,  is  too  low  for  roofs  of  a  permanent  character. 

It  is  important  to  bear  in  mind  that  as  snow  or  wind  may  act 
on  one  side  of  the  roof  only,  the  strengths  of  the  different  members 
of  the  structure  must  be  such  as  to  meet  this  contingency. 

Mr.  Stoney  says,  "  that  for  ordinary  roofs  in  the  English  cli- 
mate it  will  be  sufficiently  accurate  if  we  calculate  their  strength 
on  the  supposition  that  they  are  liable  to  the  following  loads  :-— 
"  1st.  A  uniform  load  of  40  lbs.  per  square  foot  of  ground 
surface,  distributed  over  the  whole  roof;  , 

"  2nd.  A  uniform  load  of  40  lbs.  per  square  foot  of  g^o^^^ 
surface  distributed  over  the  weather  side  of  the  roof,  and  20  1^^ 
on  the  other  side  which  is  away  from  the  wind.     This  40  * 
will  generally  cover  the  weight  of  slates,  boarding  or    ^*  j  ^i 
purlins,  framing  or  principals,  snow,  and  wind  for  roofs  '^^ 
100  feet  in  span.  ^-lia*^ 

"  For  roofs  exceeding  100  feet  in  span,  we  may  assume  vmSy 
the  total  load  is  increased  by  1  lb.  per  additional  10  feet — ^^ 
the  load  for  calculation  on  a  200  feet  roof  will  be —  ^3. 

"  Ist.  A  uniform  load  of  50  lbs.  per  square  foot  of  g*"^** 

distributed  over  the  whole  roof ;  ^ 

"  2nd.  A  uniform  load  of  50  lbs.  per  square  foot  of  g^^^^v^e 

plan  distributed  over  one  half  of  the  roof,  and  30  lbs.  on     -Vi.*r 

other.    When  the  strength  of  roof  is  calculated  by  the  foreg^*^^ 

rules,  the  working  stress  in  iron  tie-rods  may  be  as  high  as  7  *^^- 

persq.in.  of  net  area,  unless  they  are  welded,  or  unless  their  ^      „ 

tion  is  very  small,  in  either  of  which  cases  5  tons  will  be  ^^^}^^  ±4y 

The  above  rules  are  well  on  the  side  of  safety  when  *PP^^*iviid 

roofs  vith  light  covering  under  60  feet  span.     For  roofs  of   V^^ 

description  35  lbs.,  or  even   30    lbs.,  per  square  foot  of  f^^^^^ 

covered  is  frequently  adopted.      For  a  substantial  design,  »<> 

ever,  35  lbs.  should  be  the  minimum.  +Kd 

230.  Eafkers.— For  light  principals  up  to  60  feet  span,   w 
rafters  usually  consist  of  a  T-barfthis  being  a  suitable  sectw 
*  A  "iqnare  "  of  roofing^  conaiBts  of  100  square  feet- 


Digitized  by 


Google 


350  BOOPB. 

for  transmitting  a  compressive  stress,  and  also  affording  a  simple 
means  of  attachment  for  the  bracing  bars  of  the  truss  and  also  for 
the  purlins.  In  larger  spans  the  rafter  may  be  made  of  two  angles 
bolted  or  rivetted  together,  or  two  angles  and  a  plate  between 
them,  or  two  channel  bars  back  to  back,  or  some  similar  arrange- 
ment. As  has  been  seen  in  Chap.  XYIII.,  the  stress  at  the 
lower  portion  of  the  rafter  is  greatest,  and  gradually  diminishes 
towards  the  apex ;  it  is  not  usual,  however,  to  vary  its  'section 
to  suit  the  varying  stresses,  as  the  trouble  and  expense  of  joints 
and  the  want  of  uniformity  more  than  counterbalance  any  ad- 
vantage which  may  be  derived  from  economising  the  materiaL 
When  a  joint  is  made,  the  abutting  ends  of  the  bars  should  be 
faced  square  so  as  to  abut  over  the  whole  section. 

231.  Main  Tie-Bars. — The  teusion  members  of  trusses  may 
either  be  round  or  flat  bars ;  for  the  types  shown  in  6gs.  168 
and  171  they  are  generally  round,  though  this  is  not  necessary. 
In  the  types  shown  in  fig.  188,  both  round  and  flat  are  custom- 
ary, the  latter  of  late  years  becoming  more  common  for  econo- 
mical reasons.  Kound  bars  have  forged  eyes  for  making  the 
connections,  and  usually  contain  a  number  of  welds.  Flat  bars 
may  also  have  eyes  and  welds,  but  the  more  general  practice  is 
to  have  neither,  the  holes  being  punched  or  drilled  cold,  and  the 
connections  made  with  suitable  joint  plates.  Bars  with  forged 
or  swelled  eyes  are  more  economical  in  weight  than  those  with- 
out, as  there  is  as  much  net  section  at  the  eyo  as  in  the  body  of 
the  bar.  This  is  not  the  case  when  a  hole  is  punched  or  drilled 
in  the  body  of  the  bar,  as  the  net  section  at  this  point  is  less 
than  that  of  the  bar  by  the  section  of  the  hole  itself.  Notwith- 
standing this  waste,  the  latter  plan  for  roofe  of  small  span  is 
generally  found  to  be  the  more  economical  in  cost ;  the  extra 
weight  being  more  than  counterbalanced  by  the  extra  wages 
paid  for  forged  work,  especially  in  round  bars.  Another  objection 
to  forged  work  is,  that  it  is  not  so  reliable  on  account  of  the  welds. 

The  advantages  claimed  for  round  tie-bars  in  roof-trusses  are 
mainly  on  the  score  of  appearance  and  fewer  connections.  Per- 
haps an  additional  advantage  which  they  possess,  though  it  is 
only  a  slight  one,  is  that  they  expose  a  less  surface,  in  proportion 
to  their  section,  to  the  atmosphere,  and  consequently  the  amount 
of  corrosion  which  takes  place  is  less. 

232.  Stmts. — Theoretically,  cast  iron  is  a  suitable  material  for 
the  struts  of  principals;  in  practice,  however,  it  is  found  that 
wrought  iron  comes  cheaper  and  does  not  add  so  much  dead 
weight.  Wrought  iron  of  T-section  is  a  favourite  form  of  strut 
for  trusses  of  the  form  shown  in  figs.  168,  171,  and  173,  when 
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Fig.  109. 


the  main  tie-bars  are  round.  The  strut  is  connected  to  the 
ratter  by  two  wrought-iron  flat  bars — one  on  each  side  of 
the  web — as  shown  in 
fig.  199;  the  number 
of  bolts  or  rivets  mak- 
ing the  connection  de- 
pends on  the  stress 
coming  on  the  strut. 
The  foot  is  connected 
to  the  main  tie,  as 
shown  in  fig.  200,  the 
web  of  the  T  being  cut 
away  and  the  back  bent  as  shown.  The  vertical  tie-rod  passes 
through  the  strut  and  main  tie,  and  the  whole  is  fastened  together 
by  two  nuts.  This  arrangement  possesses  the  advantage  that  the 
vertical  tie  may  be  varied  in  length  as  may  be  found  necessary. 

When  the  tension  members  of  the  truss  consist  of  flat  bars,  a 
strut  composed  of  two  flat  bars  bolted  or  rivetted  together  at 
intervals,  with  cast-iron  studs  between  to  splay  them  out  to  a 
curve  and  give  them  stiffness,  may  be  employed  with  advantage. 
The  connection  of  these  both  to  the  rafter  and  the  main  tie  is 
very  simple,  and  they  possess  the  manifest  advantage  that  no 
smith's  work  is  necessary. 

For  long  struts  exposed  to  great  stress,  other  forms  must  be 
used.  Two  angle-,  tee-,  or  channel-bars  placed  back  to  back  and 
bolted  or  rivetted  together  at  intervals  make  effective  struts. 

233.  Shoes  of  Principals. — The  connection  between  the  main 
tie-bar  and  the  foot  of  the  rafter  of  a  truss  is  called  the  shoe. 
These  form  tho  feet  for  supporting  the  truss  on  its  bearings,  and 
formerly  were  nearly  always  made  of 
cast  iron;  now,  however,  they  are 
usually  made  of  wrought  iron.  Fig.  201 
shows  a  shoe  when  the  rafter  is  of  tee- 
section;  two  wrought-iron  bent  plates 
are  bolted  to  the  web  of  the  T-rafter, 
while  the  main  tie-bar  passes  between 
and  is  bolted  to  them. 

The  connections  at  the  crown  of  the 
principal  and  between  two  or  more  of 
the  tie-bars  are  made  in  a  similar  manner 
by  means  of  two  flat  plates. 

When  the  principals  rest  on  walls.  Fig.  201. 

stone  pads  should  be  placed  underneath 
the  shoes,  and  the  latter  fastened  to  them  by  Lewis  bolts,  which 
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drop  into  boles  cat  in  the  stone,  and  are  then  run  m  with  lead, 
sulphur,  or  some  suitable  cement.  When  the  shoes  rest  on 
columns  or  girders  they  are  fastened  to  them  by  ordinary  bolts. 

In  large  spans  one  shoe  of  each  principal  should  be  left  free 
to  slide  on  its  bearing,  in  order  to  allow  the  principal  to  contract 
or  expand  freely  from  changes  of  temperature. 

234.  Wind-Bracing. — If  the  roof  be  not  covered  in  at  the  gable 
end  by  walls,  wind-bracing  should  be  provided  in  order  to  pre- 
vent the  principals  being  blown  over  in  a  longitudinal  direction. 
This  bracing  is  usually  made  of  round  or  flat  bars  of  wrought 
iron  or  steel  iixed  to  the  rafters.  The  attachment  is  made  near 
the  shoe  of  the  first  principal,  and  the  tie  is  then  carried  in  a 
diagonal  direction,  meeting  the  second  principal  at  a  point 
nearer  the  apex ;  and  so  on  to  the  third  and  fourth.  A  double 
system  of  these  ties  should  run  the  whole  length  of  the  roof. 

If  the  roof-covering  be  of  corrugated  iron,  wind-bracings  are 
not  necessary  as  the  covering  itself  answers  the  same  purpose. 

A  longitudinal  wrought-iron  tie-bar  running  the  full  length  of 
the  roof  and  connecting  the  centres  of  the  main  tie-bars  with  one 
another  is  frequently  introduced. 

This  helps  to  prevent  any  oscillations  of  the  bracings  of  the 
trusses,  and  is  specially  of  use  in  roofs  liable  to  vibrations  from 
the  working  of  machinerv. 

235.  Roof  Trasses  with  Carved  Rafters. — Trusses  with  curved 
rafters  may  be  used  in  all  spans  however  small ;  with  spans  over 
100  feet  they  almost  become  a  necessity.  The  struts  required 
for  bracing  trusses  of  large  span  with  straight  rafters  must  of 
necessity  be  long,  and  consequently  require  a  good  deal  of 
etiflening,  which  renders  them  expensive.  In  a  curved  truss, 
the  bracings  are  not  exposed  to  great  stresses,  and  in  the  majority 
of  cases  these  are  tensile.  For  this  reason  the  intermediate 
bracings  of  large  trusses  with  carved  rafters  are  much  simpler 
and  lighter  than  those  in  trusses  with  straight  rafters. 

236.  Arched  Ribs. — Braced  arched  ribs  are  used  for  roofs  of 
the  largest  spans  and  may  be  classed  under  two  heads — 

1.  Those  having  solid  plate  webs ; 

2.  Those  having  open  or  braced  webs. 

The  abutments  upon  which  an  arched  rib  rests  must  be 
of  suitable  strength  and  stability  in  order  to  resist  the  outward 
thrust  of  the  arch.  Frequently  the  arch  is  continued  down  to 
the  ground  and  securely  anchored  to  suitable  foundations.  In 
designing  an  arch  of  wrought  iron  or  steel,  it  is  not  necessary 
for  stabuity  that  the  line  of  pressures  should  fall  within  it  (see 
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Chap.  XVII.),  as  from  the  nature  of  these  materials,  they  are 
capable  of  resisting  transverse  stresses. 

The  direction  of  the  line  of  pressures  is  fixed  with  considerable 
exactness  when  the  arch  is  hinged  at  the  crown  and  also  at  the 
bearings,  and  it  is  advisable  that  this  be  done  in  very  large 
spans.  The  largest  single  span  ever  made,  was  that  for  the  roof 
constructed  over  the  machinery  hall  at  the  Paris  Exhibition 
of  1889.  The  clear  span  of  this  roof  is  377  feet,  and  the  ribs  are 
made  of  steel,  hinged  both  at  their  bearings,  which  are  at  the 
ground  level,  nnd  also  at  the  crown.  These  hinges  or  pivots,  in 
addition  to  directing  the  line  of  pressures,  enable  the  arch  to 
accommodate  itself  to  changes  of  temperature. 

When  a  roof  consists  of  two  or  more  adjacent  spans  of  the 
arched  form,  the  intermediate  bearings  may  be  supported  on 
columns  without  any  danger  of  these  being  tilted  over  by  an 
outward  push,  as  the  thrust  of  one  arch  is  counterbalanced  by 
that  of  the  adjacent  one;  but  in  all  cases  the  outside  abut- 
ments must  be  of  substantial  form  when  the  arch  is  not  carried 
down  to  the  ground  level.  The  cross-section  of  wrought-iron  or 
steel  arched  ribs  of  small  span,  usually  consists  of  four  angle- 
bars  ri vetted  to  a  web,  the  latter  being  either  a  continuous  plate 
or  a  series  of  lattice  bars.  For  larger  spans  the  section  may  be 
of  the  box  form  and  much  more  complex  in  design.  With  an 
open  braced  web  consisting  of  diagonals  and  radiating  struts, 
the  diagonals  need  be  designed  to  transmit  a  tensile  stress  only, 
the  compressive  stress  on  the  web  being  transmitted  by  the 
radiating  struts.  If  a  lattice  or  warren  system  be  used,  all  the 
diagonals  should  be  designed  to  act  as  struts  as  well  as  ties, 
so  as  to  meet  the  varying  stresses  produced  in  the  web  by  wind- 
pressure. 

When  the  depth  of  the  arch  at  the  crown  is  considerable  in 
proportion  to  the  span,  it  becomes  a  braced  arch  of  a  peculiar 
shape,  and  may  be  designed  so  as  to  exert  no  outward  pressure 
on  the  supports.  Arches  of  this  kind  are  used  in  the  construc- 
tion of  the  roof  of  the  Crystal  Palace  at  Sydenham. 

237.  Distance  apart  of  the  Principals. — The  distance  apart  at 
which  the  main  ribs  or  principals  of  a  roof  should  be  placed 
depends  on  a  variety  of  considerations,  and  is  a  question  upon 
which  the  engineer  should  use  his  judgment  in  each  particular 
case.  As  a  rule,  the  larger  the  span,  the  further  apart  should  be 
the  principals;  but  there  is  no  ride  by  which  the  relationship  can 
be  fixed. 

In  roofs  of  small  span,  say  from  40  to  100  feet,  this  distance 
usually  varies  from  7  to  20  feet ;  if  the  distance  be  further  than 
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this,  it  is  usual  to  introduce  one  or  more  intermediate  raft>er8. 
The  nature  of  the  covering  on  a  roof  has  a  good  deal  to  do  in 
determining  the  most  economical  spacing  of  the  principals.  In 
a  roof  which  is  to  be  covered  with  slates  or  tiles  supported  on 
iron  purlinfi,  or  on  boarding,  it  is  most  economical  to  fix  the 
distance  from  6  to  10  feet,  or,  if  further  than  this,  intermediate 
rafters  should  be  introduced. 

When  the  principals  are  20  feet  apart  and  upwards,  it  i& 
usual  to  connect  them  together  by  means  of  lattice  girders, 
which  act  as  purlins.  These  girders  support  one  or  more 
intermediate  rafters,  which  should  be  fixed  at  the  same  level  as 
the  main  rafters.  Several  purlins  are  fixed  to  the  backs  of  the 
rafters  at  certain  distances  apart,  dependent  on  the  kind  of 
covering  on  the  roof. 

238.  Working  Stresses  on  Roof  Trusses. — The  maximum 
working  stress  which  should  be  allowed  to  come  on  the  main 
rafters  and  struts  of  a  roof-truss,  depends  on  the  manner  in 
which  they  are  stiffened;  and,  generally  speaking,  for  wrought 
iron  it  varies  between  2^  and  4  tons. per  square  inch  of  the  gross 
section,  the  higher  stress  in  no  case  being  exceeded. 

The  amount  of  stress  allowed  on  the  tension  bracings  depends 
upon  whether  they  are  welded  or  not.  In  flat  tie-bars  which  are 
not  welded,  the  working  stress  may  be  as  high  as  6  tons  per  square 
inch  of  net  sectional  area.  With  welded  round  bars  the  stress 
should  never  exceed  5  tons,  but  it  is  better  not  to  allow  more 
than  4^  tons  or,  in  bars  exceeding  3  inches  in  diameter,  not  more 
than  4  tons.  Even  with  these  diminished  stresses,  unless  extra 
precautions  be  taken,  a  welded  bar  is  not  nearly  so  reliable  as 
an  unwelded  bar  exposed  to  6  tons.  When  the  material  is  mild 
steel  the  above  stresses  may  be  increased  from  30  to  50  per  cent. 

In  roof-work  generally  it  is  much  better  to  drill  than  to  punch 
the  bars.  Drilling,  however,  is  much  more  expensive,  and  is 
the  exception  rather  than  the  nile,  except  when  the  material  is 
steel,  when  the  engineer  usually  insists  on  drilled  work. 

EOOF  OOTBRIRGS. 

289.  Different  kinds  of  Boof  Coverings. — The  most  common 
materials  used  for  roof  coverings  are  SlateSy  TUea^  Corrugated 
Iran^  Copper,  Lead,  Zine,  Felt,  Glaee,  &c. 

The  following  table  gives  the  weight  per  square  foot  of  the 
different  coverings  and  the  minimum  angle  at  which  they  should 
be  laid : — 
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TABLE  LXXXL— Weights  of  Roofing  Matkbtals  and 
Minimum  Slops. 


EOTD  OF  COTKBIHa 


Slates,       

Tiles, 

Sheet-iron,  plain,  ^  inch  thick, 

„  corrugated,  20  to  16  B.W.G., . 

Sheet  copper,  about  '022  inch  thick. 

Sheet  lead, 

Sheet  zinc,  13  to  16  zinc  gauge, 
Boarding,  }  inch  thick,     .... 
Timber  framing  for  slates  or  tiles,     . 
j-in.  glass,  ezdusiye  of  sash-bars  or  framing, 


Weight  per 
Bq.  ft  In  lbs. 


6-0  to  10-0 
6-5  to  17-8 

3-0 
2-6  to  4-0 

1-0 
6-0  to  8-0 
1-6  to  2-0 

25 
5-0  to  6*5 

3-5 


slope. 


224°  to  30' 
224*^  to  30* 

4r 

4» 
4" 
4" 
4' 
224'' 


240.  Slates. — The  most  common  covering  for  roofs  in  this 
country  is  slates  ;*  in  fact,  it  is  no  exaggeration  to  say  that  slates 
are  more  used  in  England  than  all  other  coverings  put  together. 
They  are  very  durable,  not  being  attacked  by  moisture,  smoke, 
or  ^e  various  atmospheric  impurities  that  are  so  common  in 
large  towns.  When  no  boarding  is  used,  the  usual  plan,  in  iron 
roofs,  is  to  fix  the  slates  to  wrought-iron  angle-laths  or  purlins, 
which  are  bolted  to  the  rafter  backs  of  the  principals.  These 
laths  are  fixed  about  10^  inches  apart,  and  run  longitudinally 
with  the  roof.  When  the  principals  are  from  6  to  8  feet  apart, 
the  size  of  the  laths  should  be  about  1^  inches  x  1^  inches  x  ^ 
inch ;  when  they  are  from  8  to  10  feet  apart,  a  stronger  section 
should  be  used,  say  2  inches  x  2  inches  x  A  inch. 

The  slates  may  rest  directly  on  the  laths  and  be  fixed  to  them 
by  copper  wire  passing  through  the  slate,  its  ends  being  twisted 
together  underneath  the  lath ;  or,  as  is  firequently  the  case,  a 
timber  batten  is  fixed  to  the  lath  by  means  of  screws,  and  the 
slates  are  fixed  to  the  batten  by  nails;  this  arrangement  is 
shown  in  fig.  202. 
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Zinc  or  copper  nails  are  better  than  iron  ones,  the  latter  being 
liable  to  oxidation. 

Instead  of  using  iron  laths  for  supiK>rting  the  slates,  a  layer 
of  timber  boarding,  tongued  and  grooved, 
may  be  fixed  to  the  rafters ;  the  slates 
are  then  laid  on  the  boarding  and  fixed 
by  nails.  This  arrangement,  though 
moi*e  expensive,  has  the  advantage  of 
keeping  the  building  warmer  in  winter 
and  cooler  in  summer.  For  principals 
8  feet  apart  IJ-inch  boarding  should  be 
Fig.  202.  used,  and  it  is  best  to  have  it  run  diagon- 

ally with  the  rafters. 
The  minimum  angle  at  which  slates  should  be  laid  ought  not 
to  be  less  than  25**  with  the  horizontal ;  when  flatter  the  rain  is 
liable  to  be  blown  through  the  joints.  No  matter  at  what  angle 
slates  are  laid,  the  wind  will  penetrate  through  the  crevices,  even 
when  the  joints  are  covered  with  mortar,  unless  boarding  is  used. 

241.  Tiles. — Tiles  are  a  very  old  form  of  covering  for  roofs, 
though  not  used  to  anything  like  the  same  extent  as  slates  in 
this  country.  They  are  more  common  in  other  countries,  and 
on  account  of  their  great  weight  are  peculiarly  adapted  to  coun- 
tries where  hurricanes  occur.  The  method  of  fixing  them  is 
similar  to  that  employed  for  slates,  though  a  stronger  framing  is 
necessary  on  account  of  their  extra  weight. 

Pantiles  are  a  light  form  of  tile,  and  are  manufactured  in 
France  and  Holland  to  a  large  extent.  They  are  constructed 
specially  with  the  object  of  laying  them  on  angle  or  tee-laths 
placed  about  12  inches  apart,  each  tile  having  a  small  projecting 
lip  which  catches  behind  the  lath,  and  the  weight  of  the  tiles  as 
they  overlap  keeps  each  in  its  place.  As  an  extra  precaution 
against  wind,  it  is  advisable  to  tie  each  tile  to  the  purlin  by  a 
copper  wire  which  passes  through  a  hole  in  the  tile  made  specially 
for  the  purpose. 

The  effective  width  of  these  pantiles,  exclusive  of  lappage,  is 
8  inches,  and  105  tiles  go  to  make  a  square.  Each  tile  when 
dry  weighs  between  5  and  6  lbs.  Ten  per  cent.,  however, 
should  be  added  to  this  weight  for  the  moisture  which  they 
absorb. 

242.  Gorragated  Iron. — ^Corrugated  iron  sheets,  either  plain  or 
galvanised,  form  a  very  common  covering  for  certain  classes  of 
roofs.  The  framing  in  such  case  must  be  arranged  so  as  to 
utilise  the  bearing  power  of  the  sheets.  The  sheets  may  be  laid 
in  two  ways,  either  with  the  flutes  running  down  the  slope  of 
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the  roof,  or  else  running  horizontally.  In  the  former  case,  which 
is  the  most  common,  the  sheets  rest  directly  on  the  purlins ; 
these  latter  may  be  placed  from  6  to  12  feet  apart  according  to 
the  thickness  of  the  sheets  and  the  depth  of  the  flutes.  Bent 
corrugated  sheets  are  so  stifi*  that  they  are  sometimes  used  for 
small  spans  without  any  supporting  fi*amework,  it  being  only 
necessary  to  tie  the  eaves  together  by  a  wrought-iron  horizontal 
bar;  a  horizontal  angle-bar  or  a  gutter  being  attached  to  the 
eaves  to  give  stiffness.  Roofs  of  spans  up  to  40  feet,  and  even 
more,  have  been  made  in  this  way,  but  of  course  they  are  not 
durable  and  are  only  erected  for  temporary  purposes.  It  is  a 
common  thing,  however,  to  erect  permanent  roo&  of  this  kind 
with  an  extremely  light  framework. 

When  the  flutes  of  the  sheeting  run  horizontally,  no  purlins 
are  required,  the  sheets  resting  directly  on  the  rafters,  which 
latter  may  be  from  6  to  12  feet  apart,  according  to  the  strength 
of  the  sheets.  When  the  sheets  are  laid  in  this  way  a  special 
kind  of  corrugation  should  be  used  so  as  to  allow  a  drop  for  the 
rain  water. 

Corrugated  iron  sheets,  as  used  for  roofs,  are  generally  gal- 
vanised, or  covered  with  a  layer  of  zinc,  by  dipping  them  in  a 
zinc-bath.  This  is  done  with  the  object  of  preserving  the  sheets 
from  oxidation  by  the  atmosphere.  It  is  the  usual  practice  to 
galvanise  the  sheets  before  corrugating  them,  but  in  the  case  of 
thick  sheets  it  is  best  to  reverse  the  process  and  have  the  gal- 
vanising done  last.  By  this  latter  method  any  cracks  which 
may  be  developed  in  the  stamping  process  get  filled  up  with  the 
zinc,  and  the  sheets  will  be  more  perfect. 

A  good  deal  of  diversity  of  opinion  exists  among  engineers  as 
to  the  value  of  this  covering  for  roofs.  Many  instances  have 
been  known  where  the  galvanising  hus  little  or  no  effect  in 
preserving  the  sheets.  In  fact,  where  flaws  do  occur  in  the  zinc 
coating,  sheets  have  been  known  to  deteriorate  more  rapidly  at 
these  parts  than  if  they  had  not  been  galvanised  at  all.  Their 
durability  depends  on  the  quality  of  the  sheets  and  also  on  the 
kind  of  atmosphere  which  surrounds  them.  The  quality  of  the 
sheets  depends  on  the  quality  and  the  thickness  of  the  iron  from 
which  they  are  made,  and  also  on  the  care  taken  in  coating  them. 
If  the  sheets  be  not  made  of  good  iron,  well  rolled,  and  free  from 
imperfections,  they  will  not  hold  the  zinc  coating  properly.  Any 
spots  on  the  sheets  not  properly  covered,  when  exposed  to  the 
weather,  oxidise  very  rapidly,  and  the  sheets  at  such  points  soon 
become  destroyed.  Again,  in  the  process  of  stamping,  if  the 
iron  be  not  ductile,  cracks  are  formed,  and  though  these  cracks 
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may  be  very  minute,  still  on  exposure  to  the  atmosphere  oxida- 
tion rapidly  sets  in  and  the  whole  sheet  becomes  worthless. 
The  bad  repute  into  which  galvanised  sheets  have  of  late  years 
&llen,  is  due  to  a  large  extent  to  inferior  material  and  work- 
manship. 

Atmospheric  conditions  have  a  great  deal  to  do  with  the  life  of 
galvanised  sheets.  In  a  pure  atmosphere  good  sheets  last  a  long 
time  and  prove  an  economical  covering,  but  in  the  neighbourhood 
of  large  manufacturing  towns  where  the  air  is  impregnated  with 
sulphurous  and  other  gases,  their  life  is  much  shorter.  In  gas- 
works they  should  never  be  used.  If  the  sheets  be  cleaned  and 
painted  from  time  to  time,  their  life  is  very  much  prolonged. 
In  the  neighbourhood  of  large  towns  it  is  best  to  use  ungalvanised 
sheets,  and  to  clean  and  paint  them  periodically;  good  paint 
seems  to  possess  more  preservative  properties  against  the  attacks 
•of  oxidation  than  does  galvanising. 

The  thickness  of  corrugated  sheets  is  measured  by  their  gauge, 
and  the  letters  B.W.G.  or  I.W.G.,  which  mean  Birmingham 
wire  gauge  and  Imperial  wire  gauge  respectively,  with  the 
number  attached,  give  the  thickness. 

The  following  table  gives  the  different  gauges  with  their 
equivalent  in  inches  and  the  weights  per  square. 


TABLE  LXXXU.— Corrugated  Iron  Roof  Coveriko. 

B.w.a. 

EqniTalent  In  Inches. 

SlM  Of  Fiatas. 

Approx.  Weight  per 
Sqmre. 

16 

■065 

5  Inches 

Uti  Lba. 

17 

•056 

5       „ 

310    „ 

18 

•049 

5       „ 

280    .. 

19 

•042 

5       „ 

252    .. 

20 

•035 

6       ,, 

224    „ 

21 

•032 

8       „ 

206    „ 

22 

•028 

3       „ 

185    „ 

23 

•025 

3       „ 

167    „ 

24 

•022 

3       „ 

150    „ 
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The  square  here  given  represents  a  square  of  the  sheets  as 
hid.     Of  course  there  is  actiially  more  than  100  square  feet  of 
sheets  in  the  square  of  roof  covering,  the  excess,  which  represents 
the  amount  of  lappage  varying  from  8  to 
15  per  cent. 

The  distance  F  (fig.  203)  represents  the 
width  of  the  flute,  and  d  the  depth.     The 
width  and   depth   of  the  flutes   may  be         * 
varied  at  ple«wure.     The  most  visual  widths  Fig.  208. 

in  this  country  are  3,  4,  and  5  inches,  and 
the  depth   is  about  one-fourth  of  the  width.     The  deeper  the 
fli3te,  the  stronger  will  be  the  sheet  to  resist  transverse  stress, 
and  the  farther  apart  may  the  purlins  be  placed. 

The  following  rule  has  been  given  for  determining  the 
tnoisverse  strength  of  sheets  : — 

2= unsupported  length  of  plate  in  inches. 
t  =  thickness  of  plate  in  inches. 
b  =  breadth  of  plate  in  inches. 
(f= depth  of  corrugations  in  inches. 
W  =  breaking  weight  distributed  in  tons, 

w=Ji«ii^.      .     .     .     (1). 

The  most  usual  gauges  used  in  England  are  Nos.  16  to  22 
B.W.G.  Anything  thinner  than  22  B.W.G.  does  not  possess  a 
long  life,  and  should  only  be  used  for  temporary  purposes. 
Large  quantities  of  the  thinner  sheets,  however,  are  exported. 
No.  16  is  only  used  in  exceptional  cases  where  great  sU'ength 
and  durability  are  required.  No.  18  is  used  for  flrst-class  work 
generally. 

According  to  Mr.  Matheson,  to  whom  I  am  indebted  for  a 
great  deal  of  information  on  this  subject,  "  Sheets  of  No.  16 
with  flutes  10  by  2i  inches  may  be  laid  on  purlins  15  feet 
apart,  while  sheets  of  similar  thickness  with  5 -inch  flutes 
require  purlins  not  more  than  10  feet  apart."  But  although  the 
sheets  may  carry  these  distances  it  is  not  usual  in  practice  to 
place  the  purlins  so  far  apart;  for  5-inoh  flutes  they  are  generally 
placed  from  6  to  8  feet. 

The  ordinary  sizes  of  corrugated  sheets  are  from  5  to  8  feet 
long,  and  from  2  to  3  feet  wide ;  the  number  of  square  feet  in  a 
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single  plate  not  exceeding  20.  The  sheets  when  laid,  overlap 
each  other  to  the  extent  of  from  3  to  4  inches  along  their  narrow 
edges,  and  about  2i  inches  along  the  flutes  or  long  edges  j  the 
flatter  the  roof,  the  greater  being  the  lap  at  the  ends.  Tke 
sheets  are  joined  together  by  means  of  bolts,  which  should 
always  pass  through  the  ridge  of  the  corrugation,  and  not 
through  the  hollow  or  trough ;  this  is  done  to  prevent  water 
percolating  through  the  hole.  Washers  of  felt  or  some  other 
material  are  placed  underneath  the  nut  with  the  sane 
object. 

The  holes  in  the  sheets  may  be  easily  punched  by  hand  during 
erection.  The  sheets  are  first  tried  in  their  places  so  that  the 
exact  position  of  the  holes  can  be  got ;  by  this  means  blind  holes 
are  avoided.  The  sheets  are  usually  attached  to  the  framing  by 
means  of  hook  bolts,  which  pass  round  the  purlin,  the  nut  beiig 
placed  on  the  outside  of  the  sheets.  When  the  sheets  rest  on 
wood  purlins,  or  on  iron  purlins  with  wood  scantlings,  thay 
should  be  fixed  by  means  of  spikes  or  screws  from  2  to  3  inches 
long;  all  the  spikes,  bolts,  screws^  or  other  fastenings  being 
galvanised. 

When  sheets  are  sent  abroad,  it  is  customary  to  have  the 
holes  along  one  side  and  one  end  of  each  sheet  punched  before 
leaving  the  works,  the  remaining  holes  being  marked  ofl"  and 
punched  during  erection.  By  doing  this  the  amount  of  labour 
required  in  the  erection  is  minimised. 

The  ridge  of  a  corrugated  iron  roof  may  be  covered  by  the ' 
same  material,  which  is  bent  over  and  bolted  to  the  sheets  at 
each  side  of  the  slope.  A  half-round  gutter  made  of  plain 
wrought  iron  makes  a  convenient  and  cheap  gutter  for  this 
covering,  it  being  supported  by  wrought -iron  semicircular 
brackets  made  of  flat  bars  bolted  at  intervals  to  the  sheet- 
ing. 

When  corrugated  sheets  are  worn  out  they  possess  little  or  no 
value  as  old  material,  being  unlike  lead,  copper,  or  zinc  in  this 
respect. 

243.  Zinc. — Zinc,  as  a  covering  for  roofs,  is  not  much  used  in 
England,  though  of  late  years  its  use  has  been  gradually  ex- 
tending. In  France  and  other  continental  countries  it  is  much 
more  extensively  employed. 

The  gauge  by  which  zinc  is  measured  is  diflerent  from  the 
B.W.G.  of  corrugated  sheeting.  The  following  table  gives 
some  of  the  gauges  with  their  equivalents  in  B.W.G.  and  the 
weights  per  square  foot : — 
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3ei 


B.w.a 

ZiQO  (Hxxge. 

Weight  per  square 
foot  iQ  lbs. 

21 
20 
19 

18 

13 
U 
15 
16 

1-22 
1-35 
1-49 
1-62 

These  weights  are  for  perfectly  plain  sheeting  without  corru- 
gations. 

A  covering  of  zinc  is  very  much  better  adapted  to  resist  the 
attacks  of  the  weather  and  a  vitiated  atmosphere  than  galvanised 
iron.  It  is  liable  to  oxidation,  but  the  oxide  so  formed  is  not 
liable  to  scale  off  like  the  zinc  oxide  on  galvanised  iron ;  on  the 
contrary  it  forms  a  permanent  coating  on  the  surface  which 
renders  the  metal  proof  against  atmospheric  action,  so  that  the 
use  of  paint  is  wholly  unnecessary. 

Zinc  sheets  are  usually  made  in  lengths  of  7  or  8  feet  and 
about  3  feet  wide ;  when  larger,  an  extra  charge  is  made. 

The  expansion  and  contraction  of  zinc  for  changes  of  tempera- 
ture are  much  greater  than  those  of  iron,  and  for  this  reason 
plenty  of  play  should  be  given  to  the  laps  in  laying  the  sheets. 

Gauge  ilo.  13  should  only  be  used  for  temporary  covering  and 
to  save  first  cost  Gauges  Nos.  14  and  15  should  be  used  for 
good  work. 

There  are  several  methods  of  laying  zinc  covering  on  roofs,  of 
which  the  following  are  the  most  common : — 

1.  Ordinary  corrugation, 

2.  Plain  roll  cap, 

3.  Drawn  roll  cap, 

4.  Italian  corrugation. 

Ordinary  corrugation  is  principally  used  in  curved  roofs  and 
for  side  enclosures.  In  the  plain  roll  cap,  or  French  plan,  the 
sheets  are  laid  on  boarding  with  wood  rolls. 

The  following  table  gives  the  approximate  weights  per  square 
for  the  different  methods  and  for  different  gauges,  including  all 
oormgations  and  laps  : — 
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TABLE  LXXXrV.— Weights  Feb  Squabs  of  Zino  CovzBiira/ 


Na  of  Gauge. 

18 

14 

15 

16 

160  lbs. 

185  lbs. 

200  lbs. 

220  lbs. 

2.  Plain  Roll  Cap, 

160    „ 

180    „ 

196    „ 

216    „ 

3.  Drawn  Roll  Cap, 

165    „ 

185    „ 

200    ., 

220    „ 

4.  Italian  Corrugations, . 

160    ., 

186    „ 

200    „ 

220    „ 

244.  Lead  Covering. — Lead  sheets  are  laid  upon  rolls  somewhat 
in  the  same  manner  as  zinc  sheets,  but  with  close  boarding  under- 
neath. Lead,  as  used  for  rooiiB,  is  first  cast  into  small  sheets, 
and  then  rolled  out  to  the  size  and  thickness  required.  The 
different  thicknesses  of  the  sheets  are  known  bj  their  weight  per 
square  foot ;  thus  we  have  4  lbs.  lead,  6  lbs.  lead,  8  lbs.  lead, 
and  so  on,  a  square  foot  weigbing  4  lbs.,  6  lbs.,  and  8  lbs.  respeo- 
tively.  A  square  foot  of  lead  ^  inch  in  thickness  weighs  about 
7^  lbs.  The  strength  of  lead  sheets  usual  for  roof  coverings  is 
6  lbs.  and  8  lbs.,  and  for  flashings  5  lbs.  and  6  lbs.  Lead  covering 
is  more  expensive  than  zinc,  but  it  lasts  much  longer. 

245.  Felt  Covering. — Felt  is  a  cheap  form  of  roof-covering,  and 
may  be  easily  renewed  from  time  to  time,  it  being  laid  on  board- 
ing. Each  roll  of  felt  for  roofing  purposes  contains  about  25 
yards,  32  inches  wide,  and  about  ^  inch  in  thickness.  It  is  made 
from  hair,  wool,  or  vegetable  fibre  by  compressing  and  saturating 
these  materials  with  asphalt,  bitumen,  or  ordinary  tar.  Good 
felt  is  impervious  to  rnin  or  snow,  and  will  last  a  considemble 
time  under  most  conditions  of  climate.  For  good  permanent 
roofs  it  is  only  used  as  an  inner  lining ;  the  outer  covering  being 
slates,  corrugated  iron,  or  zinc. 

246.  Glass. — Nearly  all  roofs  of  large  structures  contain  glass 
as  part  of  their  covering,  and  in  some  cases  it  forms  the  entire 
covering.  The  glass  usually  runs  in  widths  longitudinally  with 
the  roof,  and  joins  on  at  its  sides  to  the  other  covering. 

The  old-fashioned,  and  perhaps  the  best,  method  of  glazing  is 
•with  timber  sash-bars  and  putty.  Tbe  sash -bars,  which  may  be 
made  of  wood  or  iron,  are  usually  placed  from  12  to  20  inches 
apart,  and  supported  at  intervals  of  from  6  to  8  feet.  It  is  easier 
to  make  the  covering  water-tight  by  using  wood  sash-bars ;  those 
made  of  iron  do  not  expand  and  contract  equally  with  the  glass, 
and  consequently  the  putty  is  liable  to  get  cracked,  thereby 
*  Matheson —  Works  in  Iron,  p.  212. 
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allowing  the  water  to  percolate  through.    "When  made  of  wrought 

iron,  the  sash-bars  may  be  ordinary  bars  of  Tnsection  from  1  to  2 

inches  deep  and  from  1^  to  2  inches  across 

the  flange.  A  very  useful  form  is  that  shown 

in  section  in  fig.  204;   the   upper  flange 

forms    a  good  protection  for    the  putty. 

Oast  iron  is  sometimes  used  either  in  single  p^g^  201 

bars  or  in  the  form  of  a  frame. 

Several  varieties  of  glass  are  used  for  glazing  purposes.  When 
a  good  deal  of  light  is  required  it  should  be  clear  and  transparent; 
but  for  ordinary  roofs,  such  as  those  that  cover  warehouses  and 
railway  stations,  a  much  coarser  kind  is  employed. 

The  width  of  glass  sheets  for  this  purpose  varies  between 
]  2  and  20  inches,  and  they  are  made  in  lengths  up  to  6  feet,  the 
thickness  varying  between  ^  and  \  inch.  What  is  known  as 
** patent  rolled  rough  plate"  is  most  suitable  for  roofs. 

The  price  of  glass  varies  with  the  thickness.  Fanes  of  ordinary 
size  i  inch  thick  cost  about  threepence  per  square  foot,  and  those 
^  iuch  about  fivepence;  the  fluted  varieties  being  about  three 
halfpence  per  foot  more.  Glazing  costs  from  a  penny  to  two- 
pence per  square  foot,  depending  on  the  height  from  the  ground 
and  other  circumstances. 

247.  Ventilation  of  Buildings.— The  nsnal  method  of  ventilating 
a  building  through  the  roof  is  by  means  of  a  lantern  or  simikur 
contrivance.     A  lantern  may  run  the  whole  length  of  the  roof  or 
extend  only  over  a  portion  of  it.     It  is  formed  by  raising  the 
covering  at  the  ridge  for  a  certain  width ;  a  space  is  thus  created 
at  each  side  of  the  ridge,  wliich  allows  the  egress  and  ingress  of 
air.     In  order  to  prevent  rain  or  snow  being  driven  through  the 
ventilating  openings,  louvre  blades  are  fixed  to  upright  standardsi 
called  louvre  standards ;  these  blades,  which  are  usually  made  of 
wood,  are  arranged  at  an  angle,  oue  lapping  over  another,  so  that, 
while  allowing  a  free  passage  for  air,  they  prevent  rain  being 
blown  through.     Witli  fixed  louvre  blades  it  is  impossible  to 
prevent  snow  being  blown  in ;  this  dijficulty  may  be  got  over  by 
arranging  the  blades  so  that  they  may  revolve  on  a  horizontal 
axis,  they  can  thus  be  opened  or  closed  at  will.     The  blades  are 
sometimes  made  of  iron,  zinc,  glass,  Ac,  as  well  as  wood.    In  roofe 
of  large  span  and  where  a  great  deal  of  ventilation  is  necessary, 
such  as  in  railway  stations,  it  is  advisable  to  have  similar  ventilat- 
ing openings  down  the  sides  of  the  roof  as  well  as  at  the  ridge. 

248.  Timber  Roofs. — There  is  not  the  same  objection  to  timber 
roofs  that  there  is  to  timber  bridges.  They  are  better  protected 
from  the  weather,  and  are  consequently  more  durable,  and  for 
small  spans  they  are  not  likely  to  be  superseded  by  iion  roots. 
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The  following  tables*  give  the  size  of  the  scantlings  generally 
used  for  the  different  spans  named ;  the  covering  being  slates, 
and  the  timber  Baltic  pine,  or  other  equally  strong  : — 

TABLE  LXXXV.— SoANTLTNGS  of  Timber  for  diffebknt  Spans  from 
20  TO  30  Febt  ;  the  Trusses  being  10  Feet  Apart. 

The  form  of  truaa  is  shown  in  skeleton  outline  in  tig.  168. 


SpftD. 

Tle-Beam. 

King  Post 

Principal 
BAftera. 

Sttats. 

Purlins. 

Small 
Barters. 

Feet 

lochen. 

Inches. 

Inches. 

Inches. 

Inches. 

Inches. 

20 

9ix4 

4x3 

4x4 

34x2 

8    x4| 

34x2 

22 

9ix5 

5x3 

5x3 

35x2i 

8ix5 

3}x2 

24 

104x5 

5x34 

5x34 

4   x24 

84x5 

4   x2 

26 

114x5 

5x4 

5x4i 

4ix24 

8}x5 

4{x2 

28 

114x6 

6x4 

6x34 

44x2} 

8jx5i 

44x2 

30 

124x6 

6x4^ 

6x4 

4}x3 

9  x54 

4jx2 

TABLE  LXXXVI.— Scantlings  for  Roofs  from  30  to  46  Feet  Span. 
Trusses  10  Feet  Apart. 


Form  of  truss  as 

shown  in 

skeleton  outline  in 

fig.  175. 

Span. 

Tie-Beam. 

Qaeen 
Posts. 

Principal 
Barters. 

King  Post. 

Braces. 

Purlins. 

Small 
Barters. 

Feet 

Inches. 

Inches. 

Inches. 

Inches. 

Inches. 

Inches. 

Inches. 

32 

10   x44 

44x4 

5   x44 

6}x44 

3}x2i 

8    x4} 

34x2 

34 

10   x5 

5   x34 

5  x6 

6jx5 

4   x24 

8|x5 

3Jx2 

36 

104x5 

5   x4 

5   x6| 

7   x5 

4jx24 

8}x5 

4   x2 

3S 

10  x6 

6   x3} 

6   x6 

7ix6 

44x24 

84x5 

4  x2 

40 

11    x6 

6   x4 

6   x6 

8   x6 

44x24 

8}x5 

4ix2 

42 

114x6* 

6   x44 

6^x6 

8|x6 

44x2J 

8}x5J 

44x2 

44 

12  x6 

6   x5 

64x6 

84x6 

44x3 

9   x5 

4}x2 

46 

124x6 

6   x54 

7   x6 

9  x6 

4}x3 

9   x54 

5   x2 

•  Spon*8  Dictionary  of  Engineering ,  Division  viii. 
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TABLE  LXXXVIL— Scantlings  for  Koofs  fbom  46  to  60  Feet  Span. 
Tbussks  10  Feet  Apart. 

These  trasses  have  a  horizontal  strainiDg-beam  between  apex  and  tie-beam. 


Span. 

Tie- 
Beam. 

Queen 
Posts. 

Posts. 

Principal 
Rafters. 

Straining 
Beam. 

Braces. 

Porllna. 

SmOl 
Rafters. 

Feet 

Inches. 

Inches. 

Inches. 

Inches. 

Inches. 

Inches. 

Inchei. 

Inches. 

48 

114x6 

6  x5} 

6x21 

74x6 

8ix6 

44x2J 

84x6 

4    x2 

60 

12   x6 

6   x6J 

6x24 

84x6 

84x6 

44x2? 

8jx5 

4Jx2 

62 

12   x64 

6  x6} 

6x2i 

9ix6 

8jx6 

4jx2} 

8Jx6i 

4^x2 

64 

12   x7 

7   x6i 

7x2i 

64x7 

9  x6 

5fx2i 

8jx6i 

44x2 

66 

12   x8 

7  x6J 

7x24 

74x7 

9ix6 

6   x2} 

8}x6j 

44x2 

58 

12  x84 

7  x7i 

7x2} 

8ix7 

94x7 

5   x2J 

9   x5i 

4jx2 

60 

12  x9 

74x7 

7x3 

9  x7 

10x7 

5  x3 

9  x64 

4}x2 

CHAPTER  XX 

DEFLECTION   OF  GIRDERS— CAMBER   OF  GIRDERS. 

249.  Causes  which  Inflnence  the  Deflection  of  Girders. ---When  a 
girder  is  loaded  it  becomes  deflected,  or  cambered  in  a  downward 
direction.  If  the  limit  of  elasticity  of  the  metal  be  not  exceeded, 
the  girder  will  practically  regain  its  original  form  when  the  load 
is  removed ;  when  this  limit  is  exceeded  the  girder  becomes 
permanently  deflected,  or  takes  what  is  known  as  a  permanent 
set. 

It  is  possible  to  calculate  beforehand  what  will  be  the  deflec- 
tion of  a  girder  with  a  given  load. 

The  amount  of  the  deflection  depends  mainly  on  the  follow- 
ing:— 

1.  The  length  and  depth  of  the  girder ; 

2.  The  stress  per  unit  of  area  on  the  flanges. 

The  deflection  arises  from  the  top  flange  being  compressed  or 
shortened,  and  the  bottom  flange  extended.     In  scientifically 
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constructed  girders  the  sectional  areas  of  the  flanges  at  difierent 
sections  are  in  proportion  to  the  stresses  at  these  sections,  so 
that  the  unit  stress  on  each  flange  is  uniform  throughout  its 
length.  The  amount  of  deflection  is  practically  independent  of 
any  change  of  form  which  may  take  place  in  the  web,  and  is  not 
affected  by  the  kind  of  web ;  a  continuous  plate  and  a  lattice 
web  giving  similar  results  under  similar  conditions  of  loading. 
When  a  girder  is  loaded,  the  unit  flange-stress  may  be  deter- 
mined; and  knowing  this,  and  also  the  modulus  of  elasticity 
of  the  material,  the  amount  of  com- 
pression in  the  top  flange  and  of 
extension  in  the  bottom  flange  may  be 
calculated.  Having  determined  these 
changes  of  length,  the  deflection  may 
be  found  by  means  of  a  simple  equation, 
which  we  will  now  investigate. 

250.  Bules  for  finding  the  amount  of 
Deflection. — Fig.  205  represents  a  girder 
supported  at  its  extremities  and  loaded; 
when  the  unit  stress  is  constant  throughout  the  entire  length  of 
each  flange,  the  curve  of  deflection  will  be  the  arc  of  a  circle. 

Let  O  represent  the  centre  of  the  circle, 
afh  =  l  =  length  of  top  flange, 
cgd=L—  length  of  bottom  flange, 
e/—  D  =  the  central  deflection, 
/(/  =  c?= depth  of  the  girder, 
O  a  =  r  =  radius  of  curvature  of  the  top  flange. 

Since  in  loaded  girders  the  deflection  is  small  compared  with 
the  radius,  O  e  may  be  taken  equal  to  r;  also  aeb  is  nearly  equal 
to  L  Making  these  substitutions,  we  get  {Euc.,  Book  III.,  prop. 
35) — 


Fig.  205. 


72  /s 

!rxD-j,orD  =  ^ 


By  similar  triangles,  we  get — 


r        I 
r  +  d    l-^ 


dl_ 


Substituting  this  value  of  r  in  equation  (1)  we  get — 


(1)- 


(2). 


(3). 
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Equation  (3)  is  a  convenient  formula  for  calculating  the 
deflection  when  the  contraction  and  expansion  of  the  flanges  are 
known. 

This  contraction  and  expansion  may  be  determined  thus — 

Let /=  stress  on  the  flanges  in  tons  per  square  inch, 
E  =  modulus  of  elasticity  of  the  material  in  tons. 

Then,  as  the  length  of  the  top  flange  is  shortened  by  ^n  »  "^^ 
get— 

Substituting  this  value  of  ^^  -  ^  in  equation  (3),  we  obtain — 

^'■&      ....    (5). 

D,  ly  and  d  being  expressed  in  inches. 
If  I  and  d  be  expressed  in  feet,  we  get — 

D--^^      ....     (6). 

Example  1. — ^A  steel  girder,  150  feet  span  and  12  feet  deep,  is 
loaded  with  1^  tons  per  foot,  including  its  own  weight.  If  the 
net  sectional  area  of  each  flange  at  the  centre  be  .42  square 
inches,  what  will  be  the  deflection  of  the  girder  ? 


Distributed  load  on  girder  =  150  x  1}  ^^  187*5  tons. 

Tin  XXX        187-6x150     „^^^ 

Flange  stress  at  centre = — ^ — r^ —  =  293  tons. 

Stress  per  square  inch)      293     ..  . 

on  metal  bx  flange      }  =  l2"" ^  ^^'^^  ^*^^- 

We  have,  then,  the  following — 

/=7,        ^=150,        d=12y        E  =  13,000. 

Substituting  these  values  in  equation  (6),  we  get — 

If  the  depth  of  the  above  girder  be  10  feet,  the  deflection  will 
be  3-63  inches. 
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If  the  values  of  /  for  the  top  and  bottom  flanges  be  different^ 
the  mean  of  the  two  should  be  taken. 

By  transposing  the  members  in  equation  (6)  we  get — 

y  ~  "372"        •         .         .         .     (7). 

This  equation  will  enable  us  to  find  the  flange  stresses  in  a 
girder  when  its  deflection  is  known. 

Exainple  2. — In  testing  the  wrought-iron  main  girders  of  a 
railway  bridge  they  were  found  to  deflect  1*9  inches  at  the 
centre.  The  girders  were  of  uniform  strength,  126  feet  span 
and  10  feet  6  inches  deep.  What  were  the  flange  stresses  de- 
veloped in  the  girders  1 

From  equation  (7),  we  get — 

.    1-9  X  10-5x11,600     ,^^^ 
^ 3  X  (126)2 *'®^  *^°^ 

This  will  represent  the  mean  stress  per  square  inch  on  the 
flanges ;  if  the  top  and  bottom  flanges  are  of  unequal  sectional 
area,  the  stress  on  each  will  be  inversely  proportional  to  its  area. 

The  usual  deflection  allowed  for  in  girders  under  ordinary 
loading  varies  from  yyVxr*^  ^  tbW*^  P^^*'  ®^  *^®  ^P*^  5  under 
special  circumstances  it  may  reach  three  or  four  times  this 
amount. 

For  the  proof  loads  on  bridges  Bankine  gives  the  deflection 
from  ^J^yth  to  T^DTrth  part  of  the  span ;  this,  however,  is  rather 
excessive.  American  engineers  allow  a  deflection  of  y^nr^^  after 
the  girder  has  taken  its  permanent  set. 

251.  Deflection  of  Solid  Beams.— The  calculation  of  the  deflec- 
tion of  solid  beams  is  a  more  difficult  matter  than  that  of  flanged 
girders,  as  it  depends  on  the  moment  of  inertia  of  their  cross- 
section. 

For  a  girder  loaded  with  a  central  weight  W      ^ 

For  a  girder  loaded  with  a  distributed  weight  W 
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For  a  semi-girder  loaded  at  the  extremity  with  a  weight  W 

»-m-      •     •     •     W 


For  a  semi-girder  loaded  with  a  distributed  weight  W 

^  8Er 


(11). 


The  beam  in  all  these  cases  is  supposed  to  be  of  uniform 
section  throughout. 

The  above  formulae  may  be  adapted  to  beams  of  various  sec- 
tions by  substituting  in  each  equation  the  proper  value  of  I. 

Thus,  for  a  rectangular  beam  of  width  b  and  depth  c2, 1  e  -=-^,  and 

substituting  this  in  the  above  equations,  we  get — 

^"iw*      •     •     •     (^2) 

for  rectangular  beams  loaded  at  the  centre. 

^"32E6rf3        •        •        '        ^^^^ 
for  rectangular  beams  uniformly  loaded. 

^^Ebd^  ....         (14) 


for  cantilevers  loaded  at  the  end. 

^      3WZ» 


(16) 


^■"2E6rf» 
for  cantilevers  uniformly  loaded. 

For  a  circular  sur&ce  of  radius  r,  I  =  -j-.     Substituting  in 
equations  (8),  (9),  (10),  and  (11),  we  get— 

I^=Trr5 — n  ^^^  circular  beams  loaded  at  the  centre, 

5  WZ' 
^^TuTvi — n  ^^^  circular  beams  uniformly  loaded, 

24 
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4  WZ' 

^  =  o-^ — n  ^or  cantilever  beams  loaded  at  the  end, 

^  =  o"to — n  ^'^*'  cantilever  beams  uniformly  loaded. 

Example  3. — ^A  square  beam  of  oak  6  inches  x  6  inches  rests 
on  two  supports  20  feet  apart.  What  will  be  its  central  deflec- 
tion, with  a  central  load  of  1  ton,  the  modulus  of  elasticity  of 
the  oak  being  760  tons  t 

W  =  1  ton,     I  =  240  inches,     6  =  c?=  6  inches,     E  =  760  tons. 

Substituting  these  values  in  equation  (12),  we  find — 

^240^' 

^  =  A — Tcn     /^vA  =  ^'^  inches. 
4  X  760  X  (6)* 

Example  4. — In  a  beam  of  beech  similar  to  the  last  and 
similarly  loaded,  the  deflection  was  found  to  be  4  inches.  What 
is  the  modulus  of  elasticity  of  the  beech  ? 

By  transposing  equation  (12),  we  get — 


4  D  6  rf8' 
By  substitution — 


Camber  in  Girders. 

252.  Amount  of  Camber  in  Girders.— It  is  usual  to  build 
girders  so  that  the  flanges  have  an  initial  curve  in  an  upward 
direction ;  this  curve  is  usually  termed  the  camber  of  the  girder, 
and  the  amount  of  camber  is  measured  by  the  rise  of  the  central 
point  of  the  flange  above  the  straight  line  joining  its  extremities. 
The  amount  of  camber  that  it  is  usual  to  put  in  a  girder  varies* 
with  its  length,  and,  roughly  speaking,  is  about  1  inch  for  every 
40  feet  of  length,  so  that  a  girder  of  120  feet  span  would  have, 
before  loading,  a  rise  of  about  3  inches  at  its  centre. 

The  cambering  of  a  girder  does  not  add  to  its  strength,  it  being 
chiefly  introduced  for  the  sake  of  appearance;  girders  whose 
&nges  slightly  curve  in  an  upward  direction  looking  much  better 
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than  those  which  curve  downwards.  It  is  not  usual  to  camber 
the  full  length  of  the  bottom  flange  3  the  portions  which  rest  on 
the  abutments  being  made  straight. 

253.  Methods  of  finding  the  Ordlnates  of  the  Curve.  —  Thfr 
curves  of  the  top  and  bottom  flanges  are  circular,  and  have  a> 
common  centre;  and  knowing  the  span  and  the  rise  at  the- 
centre,  the  radii  of  these  curves  may  be  found  as  follows : — 

Let  the  chord  a  b  (fig.  206)  of  the  circle  whose  centre  is  O 
represent  the  span  of  the  girder,  c  c?  =  versine  or  camber  at  th& 
centre- 


Fig.  206. 


Fig.  2060k 


Let  l—adf  the  half  span, 
v  =  cdf  the  rise  at  centre, 
r= radius  of  the  circle. 


From  the  properties  of  the  circle,  we  get — 

ad^db^cdxde, 
or  l^  =  v  (2  r  -  v). 


.r=- 


(16). 


If  V  be  small  compared  with  the  other  dimensions,  as  is  th& 
case  generally  in  cambered  girders,  we  get  approximately — 


'2r 


(17). 


From  this  equation  we  can  determine  the  radius  of  the  curv^ 
knowing  the  span  and  camber. 
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Knowing  the  radius,  we  can  determine  the  ordinate  of  anj 
point  in  the  curve  when  the  horizontal  distance  of  the  ordinate 
from  the  centre  of  the  curve  is  known. 

If  c?  rfj  =s  a?  and  Cj  c/j = y, 
then  y=  JfS,  _  ^-(r-v)  .        (18).« 

254  Camber  in  Plate  Girders.^ — In  girders  with  continuous 
plate  webs,  the  required  camber  may  be  practically  produced  by 
laying  the  web-plates  on  a  temporary  platform,  stringing  a  line 
from  one  end  to  the  other,  and  adjusting  the  plates  so  as  to  get 
their  bottom  edges  at  the  different  joints  at  the  distances  from 
the  line  as  found  from  equation  (18).  The  bottom  edge  of  the 
plates  will  then  approximately  form  the  arc  of  a  circle  and  the 
bottom  angles,  which  have  been  previously  punched  or  drilled, 
are  bent  to  this  curve,  laid  in  their  proper  position  on  the  web, 
and  the  position  of  the  holes  marked  on  it  to  correspond  with 
those  on  the  angles ;  the  top  angles  are  laid  on  in  the  same  way, 

*  The  truth  of  this  formula  may  be  demonstrated  thus  (fig.  206a) — 
Letcidi=y,        ddisix,        cd^v, 

r= radius  of  circle  whose  centre  is  o. 

By  Euclid,  prop.  35,  Book  III.,  we  get— 
Ci di ,  di/=adi .  dib; 
also  ci  di  .  di/^ci  di  {di  g-^gf) 

=y|r-t;+  ^/r»  -  a:*  |   .        .        .        (1). 

Again  by  Euclid,  prop.  5,  Book  II.,  we  get — 

adi ,  dih={dhf  -{dd{f 

=r>-(do)»-(ddi)« 

=r»-(r-t;)«-a:«.        ...        (2). 
Equating  (I)  and  (2)  we  get— 

y|  ^/r«  -  a:» +r-t;|  =r»-a:»-(r-t7)« 
ra-a:«-(r-t;)«  , 


^r>-i«+r- 


V 


Q.KD 
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and  the  holes  in  it 


after  which  the  web  is  taken  to  pieces, 
punched    or    drilled.      When    the 
girder  is  afterwards  put  together  it 
will  be  found  to  have  the  required 
camber. 

255.  Camber  in  Lattice  Girders. 
— Fig.  207  represents  a  lattice 
girder  with  an  exaggerated  camber. 
If  the  lattice  bars  be  equal  to  each 
other,  the  lines  which  connect  the 
points  of  intersection  of  the  lattices 
with  the  top  and  bottom  flanges 
will,  if  produced,  all  meet  at  the 
same  point,  O,  which  is  the  common 
centre  of  curvature  of  the  top  and 
bottom  flanges.  The  panels  into  which  the  top  flange  is  divided 
are  longer  than  the  corresponding  panels  of  the  bottom  flange 
in  the  proportion  of  the  radii  of  the  two  flanges. 

Let  r^  —  radius  of  top  flange, 

=:  radius  of  bottom  flange ; 
ab        r. 


Fig.  207. 


then 


«i^ 


In  order  to  produce  the  required  camber  in  a  lattice  girder,  it 
is  only  necessary  to  determine  a  b  and  o^  6^,  and  mark  them  off 
on  the  top  and  bottom  flanges  of  the  girder,  the  length  of  the 
lattices  remaining  the  same  throughout  the  girder.  When  this 
plan  is  adopted,  it  will  be  found  that  on  putting  the  girder 
together  it  will  have  the  camber  which  is  desired. 

Suppose,  for  example,  we  have  a  lattice  girder  100  feet  span 
and  10  feet  deep,  and  it  ia  required  to  give  it  a  camber  of  3 
inches  at  the  centre.  Suppose  the  girder  between  the  abutments 
to  be  divided  into  ten  equal  spaces,  the  lengths  of  the  panels  in 
the  bottom  flange  being  each  equal  to  10  feet. 

From  equation  (17)  we  get — 


i2 


(50)' 
2  X  0-25 


=  5,000  feet; 


r^  =  5,010  feet; 
o^  &j  =  10  feet ; 
5,010 


/.  a  6  =  10  X 


5,000 


10-02  feet 
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The  panels  into  which  the  top  flange  is  divided  are,  thereforCi 
0*02  foot  or  0*24  inch  longer  than  those  in  the  bottom. 

Another  method  of  practically  producing  a  camber  in  a  lattice 
girder,  is  by  keeping  the  top  and  bottom  panels  the  same  length, 
.and  making  the  lattice  struts  a  little  longer  than  they  would  be 
for  a  straight  girder,  and  the  lattice  ties  a  little  shorter. 

Let/  s=  working  stress  per  unit  of  section  to  which  the  lattice 
bars  will  be  exposed, 

E  s  the  modulus  of  elasticity  of  the  material. 

Then,  in  order  that  the  girder  may  become  straight  when  the 
material  is  exposed  to  the  stress  /,  the  struts  should  be  made 
longer  than  those  for  a  straight  girder  in  the  proportion  of 

{l  +  ^  j  to  1,  and  the  ties  should  be  shorter  in  the  proportion  of 

(l-^)tol. 

If^  for  example,  a  steel  girder  is  designed  so  that  its  members 

-are  exposed  to  a  working  stress  of  6  tons  per  square  inch,  and  if 

the  modulus  of  elasticity  of  the  steel  be  14,000  tons,  and  if  the 

length  of  the  lattice  bars  for  a  straight  girder  unloaded  be  10  feet, 

/»     i(\ 

then  the  struts  ouffht  to  be  10  + ,  .  ^,,^  =  10  feet  0*05  inch  in 

14,U0U 

length,  and  the  length  of  the  ties  should  be  10  — , .  ^^    =  9  feet 

11*95  inches,  so  that  when  the  girder  is  fully  loaded  it  may  be 
•quite  straight. 


CHAPTER  XXI. 

C0NNE0TI0K9. 

1.  RiVETTED  Joints. 

256.  Different  Methods  of  Joining  Plates  by  Rivets.— There  are 
-two  principal  methods  of  joining  two  plates  or  bars  together  by 
means  of  rivets  or  bolts.  One  is  to  make  the  plates  overlap 
«ach  other  and  rivet  them  in  this  position ;  the  second  method 
MB  to  place  the  two  ends  flush  together  and  connect  them  by 
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means  of  one  or  two  strips  overlapping  each,  and  then  rivet  the 
whole  together  in  this  position. 

Joints  of  the  first  description  (see  fig.  208)  are  termed  lap^ 
jointSy  and  those  of  the  seoond  class  (figs.  209  and  210)  are  termed 
btdtjaints. 


r\   r\    r\t 


K,^KJ    v3^ 


\     IP  0!0  o1      I 


|o  o  o  o| 

3 

Fig.  208.  Fig.  209. 

257.  Rivets  in  Single-  and  Donble-Shear.— In  the  joints  shown 
in  figs.  208  and  209,  the  rivets  are  in  what  is  termed  "  single- 
shear"  as  each  rivet  can  only  be  shorn  at  one  section  before  the 
bars  are  pulled  asunder.  In  the 
joint  shown  in  fig.  210,  the  rivets 
are  in  " doubU-shmr"  as  each  rivet 
will  have  to  be  shorn  across  two 
sections  before  the  bars  can  be 
pulled  asunder.    In  addition  to  this  _ 

shearing  resistance  the  rivets  con-  Pig.  210. 

fer  upon  the  joint  a  further  element 
of  strength  in  the  frictional  resistance  which  they  sive  to  the 
plates.  In  the  process  of  forming  the  rivet  head  by  the  machine 
or  by  hand,  a  certain  amount  of  grip  is  given  to  the  rivet  on  the 
plates ;  a  further  grip  is  obtained  by  the  contraction  of  the  rivet 
in  cooling,  this  contraction  pressing  the  plates  powerfully  to- 
gether and  causing  a  considerable  tension  on  the  rivet,  so  much 
80  that  in  the  case  of  long  rivets  the  heads  sometimes  fly  off. 
It  is  difficult  to  determine  what  value  can  be  attached  to  the 
frictional  resistance  produced  by  this  means,  though  cases  have 
.been  known  where  the  joint  has  been  held  together  by  this 
friction  alone.  In  estimating  the  strength  of  a  joint  it  is  not 
usual  to  take  this  resistance  into  account,  as  in  process  of  time, 
owing  to  the  rusting  of  the  plates  and  vibrations  in  the  struc- 
ture, the  tension  on  the  rivet  may  altogether  disappear.  When 
this  frictional  resistance  is  disregarded,  the  theoretic  shearing 
stress  on  each  rivet  in  a  joint  will  be  equal  to  the  total  stress 
on  the  bars  divided  by  the  number  of  sections  of  rivets  that 
,  must  be  shorn  in  order  to  pull  the  bars  asunder. 
If  P  —  total  stress  on  the  bars ;  then — 
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p 

Stress  on  each  rivet  in  figs.  208  and  209  =  -^^ 

fig.  210  =?. 

Practically,  the  shearing  stress  on  each  rivet  may  not  be  quite 
the  same,  one  being  subjected  to  a  greater  stress  than  another. 
However,  if  the  holes  are  truly  punched  or  drilled  this  difference 
of  stress  cannot  be  much. 

258.  Shearing  Strength  of  Bivet8.^The  resistance  of  wrought 
iron  to  a  shearing  stress  is  not  so  great  as  the  ultimate  strength 
of  the  material  under  a  direct  tensile  stress ;  and,  further,  this 
resistance  varies  according  to  the  direction  in  which  the  sheaiing 
action  takes  place.  From  Wohler's  experiments,  it  appears  that 
the  shearing  strength  of  a  bar  or  plate  of  wrought  iron  in  a  plane 
perpendicular  to  the  fibre  is  equal  to  ^ths  of  its  ultimate  tensile 
strength  in  the  direction  of  the  fibres.  The  shearing  strength, 
in  a  plane  parallel  to  the  direction  of  the  fibres,  is  from  18  to  20 
per  cent,  greater  than  the  above,  and  is  about  equal  to  the  ten- 
acity of  the  iron.  So  far  as  the  shearing  strength  of  rivets  is 
concerned,  it  will  only  be  necessary  to  consider  their  strength  in 
a  direction  at  right  angles  to  the  fibre,  so  that  if  the  tenacity  of 
rivet  iron  be  23  tons  to  the  inch,  its  shearing  strength  will  only 
be  18*4  tons  or  thereabouts.  It  has  also  been  shown  by  numer- 
ous experiments,  that  the  shearing  strength  of  a  rivet  in  a 
punched  hole  is  slightly  greater  than  that  in  a  drilled  hole,  the 
reason  assigned  being  that  the  sharp  edge  of  a  drilled  hole 
facilitates  the  shearing  process. 

If  we  adopt  4  as  a  factor  of  safety,  about  4*5  tons  per  square 
inch  will  be  the  safe  working  stress  for  iron  rivets  in  iron 
plates.  As  rivet  iron  is  of  a  better  quality  and  stronger  than 
the  plates,  some  engineers  adopt  the  rule  of  making  the  total 
rivet  area  in  a  tensile  joint  equal  to  the  net  sectional  area  of  the 
plate.  It  is,  however,  a  much  better  practice  to  have  the  rivet 
area  10  per  cent,  greater  than  this. 

Theoretically,  a  rivet  in  double-shear  ought  to  be  twice  as 
strong  as  a  similar  one  in  single-shear ;  the  balance  of  evidence, 
however,  from  numerous  experiments,  shows  that  rivets  in  single 
shear  are  rather  more  than  one-half  as  strong  as  those  in  double 
shear. 

Iron  rivets  in  steel  plates  are  not  so  strong  as  those  in  iron 
plates;  their  strength  being  about  16  tons  to  the  inch.  It  is  not 
safe,  therefore,  to  allow  a  working  stress  of  more  than  4  tons  to 
the  inch  on  iron  rivets  used  in  steel  structures. 
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Steel  rivets,  which  have  a  tensile  strength  of  30  tons,  have 
a  shearing  strength  of  about  20  tons.  The  safe  working  stress 
to  allow  for  these  rivets  should  not  exceed  5  tons  to  the  inch. 

259.  Strength  of  Lap- Joints.— A  lap-joint,  as  shown  in  fig.  211, 
may  fail  in  at  least  four  different  ways,  when  exposed  to  a  direct 
pull  ;— 

(1)  The  rivet  may  be  shorn,  in  which  case  the  strength  of  th© 
joint  is  measured  by  the  shearing  strength  of  the  rivet. 

Let  d=  diameter  of  the  rivet  in  inches, 

/f=its  shearing  strength  per  square  inch  of  section. 

Then  if  the  rivet  be  the  weak  portion  of  the  joint,  the  force 
necessary  to  tear  the  joint 
asunder  will  be —  /^"^ 


P=-7854/.d«  .     (1).         1  '     J      '      ■  "' 


A 


(2)  The  joint  may  fail 

by  the  rivet  crushing  one  i 

or  both  of  the  plates  by  I  ^ 

forcing  itself  into  them.  I  f 

Let  t  =  thickness   of  the  | 

plate,  I B 

^0= crushing  strength  Fig.  211. 

of  material  in  this  position. 

The  force  necessary  to  cause  failure  in  this  way  is — 

:p=td/,     ....       (2). 

From  experiments  made,  the  value  of /«  in  this  formula  is 
very  much  greater  than  the  ordinary  crushing  strength  of  the 
material;  for  wrought  iron  of  ordinary  quality  /i=40  tons,  or 
about  double  the  cinishing  strength  of  the  material.  This  dis- 
crepancy is  explained  by  the  fact  that  in  the  rivetted  plate  the 
metal  crushed  is  not  an  isolated  piece,  but  is  supported  by  the 
surrounding  portion  of  the  plate,  and  also  by  the  head  of  the 
rivet. 

(3)  The  joint  may  fail  by  the  splitting  of  the  end  of  the  plate 
along  the  line  E  P.  According  to  Mr.  Browne,*  the  strength  of 
the  joint  in  this  case  will  vary  directly  as  the  square  of  E  F  and 
the  thickness  of  the  plate,  and  inversely  as  the  diameter  of  the 
rivet. 
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Let  E  F  =  a,  then  the  strength  of  the  joint  along  E  F  =:  -j-  x  Q, 

where  Q  is  a  constant. 

From  experiments  made  by  Mr.  Fairbaim  he  found  for  wrought 
iron  that  Q  =  38  tons. 

.'.  Strength  of  plate  at  end=  — ^—     .        ,        (3). 

4.  The  joint  may  fail  by  one  or  both  of  the  plates  tearing 
across  the  line  A  0  D  B. 

Let  AC  =  BD  =  6, 

/,  =  tensile  strength  of  plate, 

then  strength  of  joint  across  ACDB  =  26«yj      .         .         (4). 

A  fifth  way  in  which  the  joint  may  fail  is  mentioned  by  Mr. 
Browne.  This  occurs  by  the  rivet  forcing  a  piece  out  of  the  end 
of  the  plate,  in  which  case  the  resistance  against  failure 

=  (OM  +  DN)x«x/.  .         (5), 

•where /,  =  ultimate  shearing  strength  of  the  material. 

Failure  by  this  method  very  rarely  happens. 

JSxample  1. — Two  flat  bars  of  wrought  iron  each  3  inches  wide 
by  ^  inch  thick  are  lap-jointed  by  a  single  rivet  1  inch  in  diameter. 
If  the  centre  of  the  rivet  be  1^  inches  from  the  end  of  each  bar, 
determine  the  tensile  force  necessary  to  break  the  joint  in  each 
of  the  five  different  ways  above  enumerated. 

^  =  J,  c?=l,  /,=  19  tons,  fc  =  40  tons,  /<  =  18  tons. 
P  =  required  tensile  force  in  tons. 

1.  From  equation  (1)— 

P  =  -7854x  19  X  (1)2  =  15  tons, 
-which  is  the  force  necessary  to  shear  the  rivet. 

2.  From  equation  (2) — 

P«ix  1x40  =  20  tons, 
which  is  the  force  niscessary  to  cripple  the  bars. 

3.  From  equation  (3) — 

p  =  i^x38«19tons, 
which  is  the  force  necessary  to  split  the  end  of  the  bar. 
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4.  From  equation  (4) — 

P  =  2xl  x^xlS^lStons, 

"which  is  the  force  necessary  to  tear  the  bar  across  the  eye. 

The  tensile  strength  of  the  iron  is  supposed  to  be  equal  to 
22  tons,  but  in  this  case  18  tons  is  sufficient  to  allow,  as  the 
fibres  at  one  side  of  the  hole  may  be  strained  to  a  greater  extent 
than  those  at  the  other,  whereby  there  is  a  tendency  for  the  bar 
to  be  broken  in  detail. 

5.  From  equation  (5) — 

P  =  l  (lj+lj)x  19  =  28-6  tons, 

which  is  the  force  necessary  to  push  out  the  iron  at  the  end  of 
the  bar  in  the  manner  explained. 

From  the  above  it  will  be  seen  that  the  joint  is  fairly  well 
proportioned,  the  rivet  itself  being,  however,  the  weak  part.  It 
will  also  be  seen  that  failure  by  the  fifth  method  is  not  likely  to 
occur.  Indeed,  in  joints  of  this  class  this  niethod  of  failure  need 
not  be  taken  into  consideration. 

280.  Proportions  of  Joints. — In  order  to  determine  the  relative 
proportions  of  the  various  parts  of  a  lap-joint  connected  by  a 
single  rivet,  it  will  be  necessary  to  compare  the  equations  (1) 
to(o). 

To  arrive  at  the  relative  proportions  of  the  diameter  of  the 
rivet  and  the  thickness  of  the  plate  compare  equations  (1) 
and  (2). 

When  the  joint  fails  simultaneously  from  the  shearing  of  the 
rivet  and  the  crushing  of  the  plate,  we  get — 

•7854/.ci«=<rf/^ 

Putting^- 19  and/,  =  40,  we  get— 

which  shows  that  with  wrought-iron  plates,  connected  by 
wrought-iron  rivets,  the  diameter  of  the  rivet  should  be  between 
two  and  three  times  the  thickness  of  the  plates.  The  ordinary 
rule  in  boiler  work  is  to  make  the  diameter  of  the  rivet  twice 
the  thickness  of  the  plates. 

M.  Antoine  gives  the  following  empirical  formula  for  the 
diameter  of  rivets  as  used  in  shipbuilding  : — 
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In  order  to  determine  the  distance  of  the  rivet  from  the  end 
plate  {a)f  or  in  other  words  to  find  the  requisite  amount  of  lap, 
we  must  equate  (1)  and  (3),  or — 

•7854/^2  =  38.  ^, 

By  putting  <=^-  ^^  g©* — 

15d^=-19a^,OTa  =  0'9d; 

that  is,  the  distance  of  the  edge  of  the  rivet  from  the  end  of  the 
plate  should  be  rather  less  than  the  diameter  of  the  rivet. 

The  ordinary  rule  in  practice  is  to  make  this  distance  equal 
to  the  diameter  of  the  rivet ;  the  lap  of  the  joint  will  then  be 
three  times  the  diameter  of  the  rivet — that  is,  when  the  latter  is 
double  the  thickness  of  the  plate. 

In  order  to  determine  the  distance  of  the  edge  of  the  plate 
from  the  rivet,  or  when  more  than  one  rivet  is  used  to  deter- 
mine the  pitch  of  the  rivets,  we  must  compare  equations  (1)  and 
(4).     Equating  these  we  get — 

Putting/«19  and/,=  18  we  get— 

d^ 
6  =  0-42  x--. 

If<i=2«weget— 

6  =  -84  (i,  or  b  =  d  nearly. 

For  a  lap-joint,  therefore,  with  a  single  rivet,  the  width  on 
each  side  of  the  rivet  should  be  equal  to  the  diameter  of  the 
rivet,  and  also  when  more  than  one  rivet  occurs  transversely^ 
the  distance  between  their  edges  should  be  twice  the  diameter, 
or  their  pitch — i.e.,  their  distance  apart  from  centre  to  centre — 
should  be  equal  to  three  times  the  diameter  of  the  rivet. 

261.  Donble-Bivetted  Lap-Joints. — In  boiler  work  the  following 
proportions  for  double-rivetted  lap-joints  with  punched  holes 
Are  common : — 

Diameter  of  rivet  =  twice  the  thickness  of  the  plate, 
Fitch  of  rivets  =  4^  diameters, 

J-       _    f  5  J  diameters  in  chain  rivetting, 
^"*   16  „  zig-zag     „ 
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The  following  are  the  proportions  between  the  strength  of  the 
plate  and  single-  and  double-rivetted  lap-joints : — 

Strength  of  nnpunched  plate         =  100. 

„  double-rivetted  joint  =  66  to  70. 

„  single-        ,f        „      =  50  to  55. 

Lap-joints  are  principally  employed  in  boiler-making  and  ship- 
building; they  are  cheaper  than  butt-joints  as  only  half  the 
amount  of  punching  or  drilling  is  required,  and  they  possess 
many  advantages  which  will  always  render  them  desirable  for 
this  class  of  work. 

In  bridges,  and  structural  work  generally,  lap-joints  are  not 
much  used,  and  are  not  desirable;  butt-joints  with  single  or 
double  cover-plates  being  almost  invariably  employed.  When 
two  plates  are  joined  together  by  a  lap-joint  and  exposed  to  a 
tensile  stress,  the  direction  of  the  stress  in  one  plate  is  not 
exactly  in  a  line  with  that  in  the  other,  but  forms  with  it  a 
couple  which  has  a  tendency  to  bend  the  joint.  This  tendency 
to  bend  does  not  exist,  or  only  to  a  very  small  extent,  when  butt- 
joints  are  used. 

When  it  becomes  necessary  to  use  a  lap-joint  to  connect  two 
plates  in  a  structure,  a  very  good  form  is  that  shown  in  fig.  212. 
In  this  arrangement  each  plate  is  practically  weakened  only  to 
the  extent  of  one  hole.  The  full  stress  on  each  plate  comes  at 
the  sections  a  h  and  c  d  respectively, 
and  here  the  plates  are  only  weak- 
ened to  the  extent  of  one  hole. 
At  the  sections  o^  h^  and  c^  d^^ 
where  there  are  two  holes,  the 
stress  on  the  plates  is  less  than  the 
total  stress  by  the  amount  taken 

up  by  the  end  rivet  in  each  case.  ^   ^   ^   ^   ^ 

At  the  section  ef^  where  there  are     '        '  L^  ^  L!  3  w  ' 

three    holes,  the  stress  on    each  p|»  212. 

plate  is  less  than  the  total  stress 

by  the  amount  taken  up  by  the  three  end  rivets.  In  order  to 
illustrate  this,  suppose  each  of  the  plates  to  be  8  inches  wide  and 
\  inch  thick,  and  to  be  joined  together  by  nine  |-inch  rivets,  and 
suppose  the  tensile  strength  of  the  plates  and  the  shearing 
strength  of  the  rivets,  each  equal  to  20  tons  per  square  inch. 

The  net  section  of  each  plate  at  a  6  or  c  <i  =  7'25  x  '5  =  3*625 
square  inches.  The  plates  will  be  on  the  point  of  yielding  when 
the  total  pull  =  3625  x  20  =  72-5  tons.  When  this  force  is 
applied,  the  stress  at  the  sections  o^  \  and  c^  d^  of  the  back  and 
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front  plates  respectively  =«  72-5  -  -44  x  20  =■  63*7  tons,  the  amount 
8-8  tons  being  taken  up  by  each  of  the  end  rivets.     The  unit 

stress  at  a^  6,  or  c,  fl?,  =  ^-77^  ==19-6  tons  per  square  inch,  or  rather 

less  than  the  unit  stress  on  the  plates. 

Again  the  net  section  of  each  plate  through  6/ »  6*75  x  -5 
» 2*875  square  inches,  and  the   stress  on  each  plate  at  this 

461 
section  «  72*5  -  3  x  -44  x  20  =  46*1  tons.      This  gives  ^  q,,^ 

or  16  tons  per  square  inch  as  the  unit  stress  at  this  seotion. 

The  strength  of  the  rivets  =  9  x  -44  x  20  =  80  tons. 

Theoretically  this  joint  ought  to  fail  either  through  ab  or  ed, 
where  the  plates  are  weakened  to  the  extent  of  one  hole.  There 
is  no  necessity  for  continuing  the  plates  their  full  width  to  their 
extreme  ends,  and  they  may  with  advantage  be  tapered  off  as 
shown  in  the  figure. 

262.  Butt- Joints  with  Single  Covers.— In  butt-joints  the  two 
plates  or  bars  to  be  joined  together  are  made  to  abut  against 
each  other  at  their  ends,  and  are  connected  together  either  by  a 
single  or  double  cover-plate.  Fig.  209  represents  a  butt-joint 
with  a  single  cover-plate;  each  half  of  this  joint  is  in  effect  simply 
a  lap-joint,  and  all  the  rivets  are  in  single  shear.  The  thickness 
of  the  cover  should  be  at  least  equal  to  that  of  the  plates  ;  some 
engineers  prefer  it  a  little  thicker.  For  wrought-iron  plates  and 
rivets,  the  collective  sectional  area  of  the  rivets  at  each  side  of 
the  joint  should  be  not  less  than  10  per  cent,  in  excess  of  the 
net  sectional  area  of  the  plate  for  a  tensile  stress. 

The  rules  given  for  a  tensile  joint  also  apply  to  a  compressive 
joint,  when  the  eiids  of  the  plates  do  not  butt  evenly  together. 
When  the  ends  of  the  plates  are  faced  or  squared  so  as  to  form  a 
sound  butt,  theoretically,  the  joint  does  not  require  a  cover  at 
all,  but  as  the  butting  cannot  always  be  relied  upon,  it  is  best  to 
have  a  cover,  though  it  need  not  always  be  so  thick  or  so  long 
as  that  for  the  tension  joint. 

263.  Butt-Joints  with  Double  Covers.~Fig.  210  shows  a  butt- 
joint  with  double  covers.  Here  the  rivets  are  in  double  shear, 
so  that  before  they  fail  each  one  must  be  shorn  across  two 
sections.  The  number  of  rivets  at  each  side  of  the  joint  in  this 
case  need  only  be  one-half  that  required  when  only  a  single 
cover  is  used.  The  united  section  of  both  covers  should  be  at 
least  equal  to  the  section  of  the  plate ;  it  is  always  better,  hovr- 
over,  to  have  it  in  excess,  say  to  the  extent  of  from  10  to  20  per 
cent     In  covering  the  joints  in  the  flanges  of  girders  it  is  more 
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economical  to  use  doable  covers  when  practicable ;  as  the  length 
of  each  cover-plate  is  only  one-half  that  of  a  single  cover,  and  as 
they  do  not  need  to  be  much  more  than  half  the  thickness,  the 
saving  in  weight  as  well  as  in  rivetting  is  obvious. 

An  economical  method  of  joining  two  plates  together  by 
means  of  a  butt-joint  with  double 
covers  is  that  shown  in  fig.  213. 
If  this  joint  be  properly  designed 
the  strength  of  the  plate  will  only 
be  diminished  to  the  extent  of  one 
rivet  hole.  When  a  joint  of  this 
kind  is  exposed  to  a  tensile  stress 
it  may  fedl  in  one  of  the  following 
ways : — 

(1)  By  the  plate  tearing  through  at  a  a,  where  its  area  i» 
reduced  by  one  rivet  hole ;  (2)  by  the  plate  tearing  through  at 
6  6  at  the  same  time  that  the  rivet  a  is  double  shorn ;  (3)  by  the 
plate  tearing  through  at  cc  at  the  same  time  that  the  three 
rivets  at  a  a  and  bb  are  double  shorn;  (4)  by  both  cover*  ^ 
tearing  through  at  c  c ;  (5)  by  the  six  rivets  at  one  side  of  the 
joint  being  double  shorn ;  (6)  by  the  rivets  crushing  the  plates 
or  covers. 

Example  2. — In  the  joint  shown  in  fig.  213  determine  the. 
direct  tensile  stress  which  will  cause  the  failure  of  the  joint  in 
the  six  different  ways  specified ;  the  plates  being  9  inches  wide 
and  ^  inch  thick ;  each  of  the  covers  being  9"  x  ^y,  and  the 
rivets  being  f  inch  in  diameter.  The  tensile  strength  of  the 
plates  is  supposed  to  be  20  tons,  and  the  shearing  strength  of 
the  rivets  18  tons  per  square  inch. 

The  net  section  of  the  plate  at  a  a  =  (9  -  -75)  x  -5  =  4-125  sq.  ins. 
„  „  66  =  (9-2x -76)  X  •5  =  3-75    „ 

„  „  „  (;c=(9-3x -75)  X -5  =  3-375  „ 

„  „     two  covers  at  c  c  =  (9  -  3  x  -75)  |  =  4*22        „ 

The  shearing  area  of  rivets  at)  ^^o     g     -44  =  5 '28 

each  side  of  joint  j.  =    x     x  „ 

Let  P  =  tensile  force  in  tons  necessary  to  produce  rupture. 

(1)  .        .         P  =  4-125x  20  =  82-5  tons, 

which  is  the  force  necessary  to  tear  the  plate  through  a  a. 

(2)  .      P  =  3-75x20  + 2x0- 44x18  =  90-84  tons, 
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vhich  is  the  force  necessary  to  tear  the  plate  through  b  h  and 
shear  the  rivet  at  a  a. 

(3)  .       P=  3-375x20  + 6x0-44x18  =  115  tons, 

which  is  the  force  necessary  to  tear  the  plate  through  ee  and 
shear  the  three  rivets  at  a  a  and  b  b. 

(4)  .        .  P  =  4-22  X  20  =  84-4  tons, 

which  is  the  force  necessary  to  tear  both  cover  plates  through  e  e. 

(5)  .        .        .    P  =  5-28x  18  =  95  tons, 

which  is  the  force  necessary  to  shear  the  six  rivets  at  either  side 
of  the  joint. 

(6)  The  force  necessary  to  crush  the  plate  is — 

P  =  6x  1x^x40  =  90  tons; 
and  to  crush  the  covers — 

P  =  6x|xfx  40=  112-5  tons. 

From  this  it  will  be  seen  that  the  joint  is  very  fairly  pro- 
portioned. Its  weakest  part  being  through  a  a,  and  here  its 
strength  is  equal  to  91*6  per  cent,  of  that  of  the  unpunched  plata 
It  would  not  do  to  have  the  cover-plates  less  than  -jV  ^^^^^  i^ 
thickness,  as  failure  would  then  take  place  by  their  tearing  across 
through  cc ;  as  it  is  they  are  slightly  stronger  than  the  plate. 
It  is  well  that  this  should  be  so,  as  it  is  possible  one  of  the 
plates  may  be  strained  to  a  greater  extent  than  the  other,  in 
which  case  they  might  be  broken  in  detail.  The  rivets  them- 
selves give  a  good  margin 
i    c    d  o^  strength,  and  there  is 

not  much  danger  of  the 
plate  tearing  through  bh 
or  cc,  as  the  loss  in  strength 
from  the  extra    hole    in 
each  case  is  more   than 
compensated  by  the  shear- 
ing strength  of  the  rivets 
at  a  a  and  b  b. 
Fig.  214  represents  the  two  plates  given  in  the  last  example 
joined  by  means  of  a  single  cover-plate  \^  inch  in  thickness; 
there  are  nine  |-inch  rivets  at  each  side  of  the  joint,  arranged  in 
the  manner  shown  in  the  sketch. 
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The  net  section  of  the  plate  at  a  a  =  (9  -  g)  x  ^  =  4*0625    sq.  ins. 

,1  „  n  66  =  (9-2x|)xJ  =  3-625      „ 

„  „  „  ccorc;c;=(9-3xJ)x  J  =  3-1875    „ 

The  net  section  of  the  cover)       /«     »     -v     ,,     .«q 
through  drf  }=(9-3xi)xi*=4-38      „ 

The  shearing  section  of  rivets )      a    a  /•     k  ii  •    i. 

at  each  side  of  joint  |  =  »  x  0-6  =  6-4  «iuare  inches. 

The  force  necessary  to  tear  the  plate  at  a  a  is — 

P=40625x  20  =  81-25  tons. 

The  force  necessary  to  tear  the  plate  at  5  5  and  at  the  same 
time  shear  the  rivet  at  a  a,  is — 

P  =  3-625  x  20  +  0-6  x  18  =  83-3  tons- 

The  force  necessary  to  cause  the  £Edlare  of  the  plate  at  e  o  is — 

P=31875  x  20  +  3  X  0-6  X  18  =  96-15  tons. 

To  produce  the  fiedlure  of  the  plate  at  d  d — 

P  =  3-1875  X  20  +  6  X  0-6  X  18  =  128-55  tons. 

To  produce  the  failure  of  the  cover-plate  at  dd,iiia  weakest 
section — 

P  =  4-38x  20  =  87-6  tons. 

To  produce  the  fidlure  of  the  rivets  by  shearing-* 

P  =  5-4x  18  =  97-2  tons. 

To  cause  failure  by  the  crippling  of  the  iron  behind  the  rivets 
in  the  plate — 

P  =  9x|x  J  X  40  =  157-5  tons. 

It  will  be  seen  from  this  that  the  joint  is  very  well  designed, 
and  is  nearly,  though  not  quite,  as  strong  as  that  with  double 
covers. 

264.  Joints  in  the  Flanges  of  Girders. — It  is  not  possible  to 
introduce  the  economical  forms  of  joint  shown  in  figs.  213  and 
214  in  covering  the  joints  in  the  flange-plates  of  girders ;  prac- 
tical considerations  not  allowing  of  the  form  of  rivettine  shown. 

Suppose  we  have  a  wrought-iron  girder  with  a  single  flange- 
plate  12  inches  wide  and  ^  inch  thick,  the  thickness  of  the  web 
being  ^  inch,  and  the  connecting  angles  being  2^'  x  2^'  x  Yt  it  is 
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required  to  determine  the  best  method  of  covering  a  tensile 
joint  in  the  plate  with  a  single  cover. 

The  longitudinal  pitch  of  the  rivets  =  4  inches, 
Diameter  of  rivet  =  j  inch. 

First  let  us  assume  that  there  are  only  two  longitudinal  rows 

of  rivets  in  the  flange. 

Net  section  of  plate  -^  (12  -  2  x  0*75)  x  ^  »  5*25  sq.  ins. 

The  area  of  a  }-inch  rivet  =  0-44. 

The  number  of  rivets  required  whose  gross  sectional  area  is 

5*25 
equal  to  the  net  area  of  the  plate  =  -^rrr  =  12.     As  it  is  advisable 

to  have  an  exoess  of  rivet  area  it  would  be  safer  to  have  14  rivets 
at  each  side  of  the  joint.  It  must  be  borne  in  mind,  however, 
that  the  diameter  of  a  |-inch  rivet  is  rather  more  than  |  inch ;  in 
fact  it  may  be  reckoned  as  f|  inch.  Taking  this  into  considera- 
tion, the  sectional  area  of  the  12  rivets  will  be  5*76  square  inches, 
as  against  5*25  square  inches,  the  net  section  of  the  plate,  or  an 
excess  of  10  per  cent.  If  12  rivets  be  taken,  the  length  of  the 
cover  plate  will  be  4  feet. 

Fig.  215  shows  another  method  of  covering  this  joint.     In 
this  case  there  are  four  rows  of  rivets  arranged  in  a  zig-zag 

&shion,  the  number  of 
rivets  at  each  side  of  the 
joint  being  14,  and  the 
length  of  the  cover  2  feet 
8  inches.  The  strength  of 
the  plate  or  cover  is  rather 
less  in  this  case  than  in 
in  the  former,  its  smallest 
section  not  being  directly 
transverse  through  two 
rivet  holes,  but  zig-zag, 
as  shown  by  the  dotted 
TM    oia  hue  ad, 

^'  2^®'  Fig.  216  shows  a  third 

method  of  covering  this  joint.  Here,  in  addition  to  the  bottom 
cover-plate,  there  are  two  cover-strips  placed  on  the  other  side 
of  the  plate.  These  have  the  effect  of  placing  the  outside  rows 
of  rivets  in  double  shear. 

Bottom  cover^plate  =  12*  x  |*  «  4*5  sq.  inches. 
Top  cover-strips  -  2  x  3J*'  x  f*'  =  2*4         „ 

Total  section  of  cover-plates     «  6*9         „ 


Fig.  216. 
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There  are  6  rivets  in  single  shear  and  4  in  double  shear. 
Total  rivet  section  =  14  x  '44  =  6*16  sq.  inches. 

265.  Joints  in  a  Girder  Flange  consisting  of  a  Number  of  Plates, 
— ^When  the  flange  of  a  girder  consists  of  a  number  of  plates  of 
the  same  width  and  thickness,  the  most  economical  method  of 
arranging  the  joints  is  to  place  them  close  together  in  steps,  as 
shown  in  elevation  in  £ig.  217.  The  distance  apart  of  the  jointa 
should  be  such  that  the  shearing 
area  of  the  rivets  between  each  be 
not  less  than  the  net  section  of 
each  plate.  Fig.  217. 

If  /  =  distance  apart  of  joints, 
then,  in  the  case  of  three  plates,  the  length  of  the  corer-plato 
=  4Z. 

If  the  joints  be  placed  far  apart,  each  one  must  be  covered 
with  a  separate  plate,  and  in  such  case  the  length  of  each  cover 
=  3  /,  so  that  for  the  three  joints  the  total  length  of  cover-platea 
=  6Z. 

Another  advantage  of  placing  the  joints  close  together  in. 
large  girders  is  the  facility  with  which  they  may  be  disjointed, 
if  it  be  necessary  to  transport  them  to  their  destination  in  several 
lengths ;  and  the  ease  with  which  they  can  be  afterwards  jointed 
and  rivetted  together  in  situ. 

IL  Fboportions  op  Eyes. 

266.  Method  of  Connecting  Bars  Together.— Bars  of  wrought 
iron  or  steel,  when  not  joined  by  rivets,  are  usually  connected 
together  by  bolts,  pins,  or  cotters ;  and  in  order  to  do  this  the 
ends  of  the  bars  are  frequently  swelled  out  in  the  form  of  an  eye. 
As  the  strength  of  the  connection  should  at  least  be  as  great  a& 
that  of  the  bar  itself,  it  is  important  to  know  what  are  the  best 
proportions  to  give  to  the  eye  and  to  the  connecting  pin ;  the 
latter  usually  being  in  double  shear. 

Examples  of  bars  joined  together  in  this  manner  are  very 
numerous,  such  as  the  links  in  the  chains  of  suspension  bridges  > 
the  diagonal  braces  of  trussed 
girders;  the  tension  members  of 
roof  trusses,  <fec 

Fig.  218  represents  the  eye 
formed  at  the  end  of  a  flat  bar, 
the  thickness  of  the  eye  and 
that  of  the  bar  being  the  same.  Fig.  218. 
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Let  b  s  width  of  bar, 

<i  =  diameter  of  the  pin, 

c  =  width  of  eye  at  each  side  of  pin-hole. 

If  a  stress  be  applied  in  the  direction  of  the  arrow,  the  lines 
of  stress  in  the  shank  will  run  longitudinally,  but  towards  the 
pin-hole  they  become  diverted,  so  that  the  fibres  immediately  to 
the  left  of  the  pin  are  exposed  to  little  or  no  stress.  The  fibres 
to  the  right  of  the  pin-hole  undergo  various  kinds  of  complex 
stresses,  principally  of  a  compressive  and  shearing  nature. 

267.  Proportions  of  Eyes.— The  best  proportions  to  give  to  the 
eye  cannot  be  determined  by  considerations  of  a  merely  theo- 
retical nature,  and  we  must  look  to  the  results  of  actual  experi- 
ments for  aid  to  guide  us  in  fixing  them.  Fortunately,  we  have 
plenty  of  materials  of  this  kind  to-  guide  us ;  the  experiments 
made  by  Sir  0.  Fox,  Brunei,  Berkley,  Shaler  Smith,  and  others 
being  very  complete. 

A  flat  eye,  when  exposed  to  stress,  may  fail  in  many  ways  ; 
the  following  being  the  principal : — 

1.  By  tearing  across  the  eye  through  c,  c ; 

2.  By  tearing  through  the  shoulders  at  r,  r ; 

3.  By  the  end  of  the  link  being  torn  through  at  a ; 

4.  By  the  metal  of  the  link  being  upset  or  crushed  immedi- 
ately behind  the  pin  at  e ; 

5.  By  the  pin  being  bent  or  shorn. 

These  different  modes  of  failure  may  be  considered  in  detail: — 

(1)  On  theoretical  grounds,  if  the  section  of  the  eye  across 
the  pin-hole  be  equal  to  that  of  the  bar,  or  if  c  +  c  =  6,  the  eye  in 
this  direction  ought  to  be  as  strong  as  the  bar  itsel£  Experi* 
ments  made  prove  this  to  be  incorrect,  and  in  practice  it  is 
advisable  to  make  this  section  at  least  25  per  cent  greater. 
From  this  it  would  appear  that  the  stress  on  the  fibres,  at  the 
sides  of  the  link,  are  not  uniform ;  probably  the  outside  fibres 
are  strained  more  than  those  near  the  pin,  which  would  cause 
them  to  fiedl  first.  This  difference  of  stress  in  the  fibres  will  be 
greater  the  sharper  the  curve  at  the  shoulders. 

(2)  The  failure  from  the  second  cause  is  likely  to  occur  when 
the  curvature  at  the  shoulder  is  so  small  as  to  prevent  the  lines 
of  stress  bending  gradually  round  the  eye.  Mr.  Berkley  recom- 
mends that  the  radius  of  curvature  of  the  shoulder  r  should  not 
be  less  than  5,  and  that  the  radius  of  curvature  r^  of  the  neck 
should  not  be  less  than  1  '5  6. 

(3)  The  metal  at  the  back  of  the  pin  may  be  exposed  both  to 
benmng  and  shearing  stresses;   it,  in  fact,  resembles   a  short 
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beam  whose  points  of  support  are  at  e,  c.  It  may  fail  by  being 
shorn  through,  or  by  the  tearing  of  the  fibres  on  the  outside. 
In  order  to  resist  the  shearing  action,  theoretically,  the  section 
at  a  should  be  rather  more  than  one-half  that  of  the  bar.  In 
practice,  however,  the  end  of  the  link  does  not  fail  by  shearing, 
but  by  the  tearing  of  the  fibres  at  the  outer  circumference. 
Mr.  Brunei  considers  that  the  section  through  a  should  be 
about  two-thirds  that  of  the  bar.  This,  however,  is  not  sufficient 
in  all  cases.  Mr.  Berkley  recommends  that  the  section  at  a 
should  be  at  least  equal  to  that  of  the  bar,  and  this  is  the  safest 
rule  to  adopt. 

(4)  Failure  by  this  means  takes  place  when  the  diameter  of 
the  pin  is  so  small  that  the  bearing  surfeice  immediately  behind 
it  is  too  little  to  transmit  the  stress  without  crashing  the  fibres, 
and  thus  elongating  the  hole.  Failure  by  this  method  rarely 
takes  place  directly,  but  the  elongation  of  the  hole  causes  the 
attenuation  of  the  metal  at  the  sides  of  the  pin  and  brings  about 
failure  by  the  first  method.  Mr.  Berkley  recommends  a  diameter 
for  the  pin  equal  to  three-fourths  the  width  of  the  bar,  and  in 
practice  this  will  be  found  safe. 

(5)  The  pin  may  fail  by  shearing  or  bending  when  its  diameter 
is  too  small.  Even  when  the  diameter  is  sufficiently  large  to 
resist  shearing,  the  pin  may  fail  by  bending ;  this,  however,  may 
be  provided'  against  by  keeping  the  links  close  together.  The 
minimum  diameter  of  the  pin  depends  on  the  material  used ;  if 
both  link  and  pin  be  of  wrought  iron  and  the  latter  be  in  double 
shear,  its  sectional  area,  as  determined  from  experiments,  should 
be  at  least  equal  to  two-thirds  the  area  of  the  bar.  If  they  are 
both  made  of  mild  steel  the  area  of  the  pin  should  be  greater. 

It  will  be  found,  however,  that  in  links  of  the  usual  propor- 
tions the  diameter  of  the  pin  will  be  fixed  by  the  rule  given  in 
No.  4 ;  its  diameter,  as  fixed  by  this  rule,  will  generally  be  found 
quite  sufficient  to  resist  the  shearing  stress. 

Mr.  Berkley  recommends  the  following  minimum  proportions 
for  wrought-iron  flat  eye-bars : — 


Width  of  bar,  6, 

Diameter  of  pin,  c?, . 

Depth  of  lead  beyond  pins,  a, . 

Width  of  metal  across  eye,  c  +  c, 

Radius  of  curve  of  shoulder,  r, 

Radius  of  curve  of  neck,  r^. 


=  100, 
-75, 
=  100, 
=  125, 
=  100, 
=  150. 


268.  Boles  of  American  Engineers. — The  practice  of  American 
engineers  is  somewhat  different  to  that  adopted  by  the  English 
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authorities  already  mentioned.  Mr.  Shaler  Smith,  an  American 
authority,  finds  from  his  experiments  that  the  best  proportions 
for  eye-bars  depend  to  a  certain  extent  on  their  method  of 
manufi9u;ture. 

The  following  table  gives  some  of  the  results  of  Mr.  Smith's 
experiments : — 

TABLE  LXXXVni.— Proportions  of  American  Eye-Babs,  as 

DETEBHINKD  BY  Mb.   ShAUEB  SmTTH. 


Width  of 

thank. 

b. 

DUmeter 

HAxmnED  Etrs. 

Wxu>ut8s  Era. 

acrotstheeya 

e+e. 

thleknesB  of 
ter. 

Metal  section 
acroBBtheeye. 

c+c 

Hazlmnm 

thickneesof 

bar. 

1-00 
100 
1-00 
1-00 
l-OO 
1-00 
1-00 
100 

0-67 
076 
1*00 
1-26 
1-33 
1-60 
1-76 
200 

1-38 
1-33 
1-60 
1-50 

1-67 
1-67 
1-75 

0'21 
0-25 
0-38 
0-54 
••• 

070 
0*88 
1-08 

1-60 
1*60 
1-50 
1:60 
170 
1-85 
200 
2-25 

0-21 
0-25 
0-38 
0-64 
0-69 
070 
0*88 
108 

269.  Gibs  and  Cotters. — Gibs  and  cotters  are  frequently  used 
instead  of  bolts  or  pins  for  connecting  the  ends  of  tie  rods. 
Their  principal  recommendation  is  that  they  afford  means  of 
slackening  or  tightening  the  rods,  which  is  often  an  advantage, 
as  in  the  case  of  the  ties  of  roof  trusses,  &c  A  cotter  itself  is 
merely  a  tapered  bar,  rectangular  in  cross-section,  and  usually 
made  of  wrought  iron  or  steel.     Fig.  219  shows  the  method  of 

connecting  a  bar  to  two  plates  by 
a  simple  cotter.  The  end  of  the 
bar  is  swelled  out,  and  a  slot  cut 
in  it;  slots  are  also  cut  in  the 
junction  plates.  When  the  stress 
Fig.  219.  on  the  bar  acts  in  the  direction  of 

the  arrow,  the  cotter  bears  against 
the  plates  at  the  surfaces  a  a,  and  against  the  bar  at  the  sur&ce  6. 
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Bj  the  arrangement  shown,  it  will  be  seen  that  the  bar  can  be 
drawn  towards  the  connecting  plates  as  the  cotter  is  driven  in. 

'  The  sectional  area  taken  through  the  slot  in  the  bar  should  be 
at  least  25  per  cent,  greater  than  the  sectional  area  of  the  bar 
itself.  In  actual  practice  it  is  usual  to  make  this  excess  of  area 
somewhat  more.  The  cotter  being  in  double  shear,  the  united 
area  of  both  sections  should  never  be  less  than  25  per  cent, 
greater  than  the  bar,  and  it  is  advisable  to  have  the  excess  of 
area  50  per  cent  The  cotter  should  not  be  made  too  thin  or  it 
will  crush  the  surfaces  against  which  it  bears. 

270.  Proportions  of  Cotters,  ftc. — Suppose  the  bar  C  (fig.  219) 
has  to  transmit  a  safe  working  stress  =  P,  it  is  required  to  deter- 
mine a  suitable  diameter  for  the  bar,  and  the  best  proportions 
for  the  eye,  cotter,  and  connecting  plates. 

Let /e  — safe  tensile  working  stress  on  the  material, 
^= safe  shearing  „  „ 

/,= safe  compressive      „  „ 

d^  diameter  of  the  bar, 
b  ~  mean  width  of  the  cotter, 
t  »=  thickness  of  the  cotter, 
a^  =  thickness  of  the  side  plates, 
d^  =  side  of  the  square  into  which  the  end  of  C  is  forged. 

For  the  bar  C,  we  get — 

P=^d«/„ord»=i|  .        .        (1). 

From  this  equation  we  can  determine  the  diameter  of  the  bar. 

In  order  to  determine  the  size  of  the  head,  we  get,  by  taking 
a  section  through  the  cotter  hole — 

V=^d^{d,-t)x/„      ...        (2) 

from  which  d^  may  be  found  when  t  is  fixed.     This  gives  the 
theoretic  size  of  the  head  ;  but,  as  already  explained,  the  actual 
sectional  area  through  the  slot  should  be  from  25  to  50  per  cent, 
greater  than  that  given  by  this  rule. 
For  the  cotter,  we  get — 

P  =  2  6«/  ....        (3). 

From  this  equation  b  and  t  may  be  found  having  fixed  one  of 
them. 

As  previously  explained,  50  per  cent,  should  be  added  to  the 
theoretic  dimension,  as  found  by  this  rule. 
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For  the  bearing  sorfiuw  of  the  cotter  on  the  eye,  we  get^ 

T=d^tf.    ....        (4), 


from  which  t  may  be  found  when  (2,  is  fixed. 

For  the  bearing  surface  of  the  cotter  on  the  side  plates — 


P  =  2ai«/. 


(5), 


from  which  a^  may  be  found  when  t  is  fixed. 

Prof.  TJnwin  gives  the  following  as  the  values  of  the  limit  of 
the  safe  working  stresses  (in  pounds  per  square  inch)  in  tension, 
compression,  and  shearing  in  connections  of  this  kind  : — 

TABLE  LXXXIX. 


Wronght  Iron. 

CMtlron. 

SteeL 

Tearing  resistanoe^, .     .     . 
Shearing  reeistanoe  /^     .     . 
CmahingreaiBtanoey^     .     , 

10,400 

8,320 

20.800 

3,600 

2,700 

20,800 

15,000 
12,000 
30,000 

CHAPTER  XXII. 

PUNCHING,   DRILLING,   AND   BIVBTTINO. 

271.  Methods  of  Perforatiiig  Plates. — ^There  are  two  methods 
of  perforating  plates,  namely,  by  (1)  Punching;  (2)  Drilling. 
A  third  meuiod  is  sometimes  followed — viz.,  to  punch  a  small 
hole  and  then  drill  it  out  to  the  right  size.  A  considerable 
difference  of  opinion  exists  among  engineers  as  to  the  relative 
merits  of  these  different  methods.  For  wrought-iron  structural 
work  the  general  practice  up  to  a  comparatively  recent  period 
has  been  to  punch  the  holes ;  it  being  found  more  expeditious 
and  cheaper  than  drilling.  The  tendency  of  late  years,  however, 
has  been  in  the  direction  of  supplanting  punching  in  fiivour  of 
drilling,  more  especially  since  the  introduction  of  mild  steel  as  a 
material  for  structural  work.     This  new  departure  has  compelled 
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WEAKENING  EPPBCT  OP  PUNCHING    -A.:^*^ 

"bridge  builders  to  lay  down  suitable  drilling  1>1^»^  ^ 

the  extra  cost  of  drilling  over  that  of  puiiclxiii »-   -     ^    ^^ci  x*-'*!.  j.x.  - 

272.  Punching.— In  punching  plates,  it  i^  ^^^^  *^oti  t^^^^^^ 
bridge-works  to  mflke  the  punch  about  ^-^  iixoK  i  ^^^^***a.i^  TT 
than  the  rivet.  The  excess  of  the  diameter-  or  *^^^^**  i^  Ji  ^^^ 
of  the  punch  varies  with  the  thickness  of  t:lx«,  ^**^  <iie  cr^^^^ 
the  thicker  the  plate,  the  greater  the  excess.  T>  JP^*^*^  r^^ntl  J^  * 
a  hole  for  a  finch  rivet  in  a  finch  plate,  thei  ^^*^»  iiri>u^^K  -  ~~" 
\i  inch  in  diameter  and  the  die  ||  inch.  B'or-  ^^^-^^^^^  shouM  ? 
inch  plate  the  punch  should  be  lyV  i^^ch  an<i  -^ j*^  i*ich  rivet  i^ 
diameter.  The  hole  as  punched  resembles  tK^  ^^^  ^T^incH  ^ 
cone,  the  diameter  at  the  small  end  bein^  ^<i\i  ^  ^**^^strum  ^^^ 
punch  and  at  the  large  end  equal  to  that  oF  Wa^  -^^  *hat  of  ^-fc^ 
mean  diameter  of  the  punched  hole  is  eaua.!  5^*^>  «<>  that  +^ 
nominal  diameter  of  the  rivet  phia  one-half  tl^^  |  *iiat  of  f.^ 
punch  and  die  together.  ^*^^^^ajace  of   t.W 

It  is  very  important  in  order  to  get  good  Awox-t-  4  v»  ^^ 

regulations  should  be  adhered  to,  and  also  that  botH   ^*  *^®  *^H>-^^ 
dies  be  in  a  proper  state  of  repair.     If  these     p^.       Punches  ^^^^ 
more   commonly  observed,   a  great  deal  of    the  ^^J^^^^^'^s  w-^^^ 
prejudice  which  prevails  against  punching  would  •r»^#-''^^*'^'^   ^c*-?^^ 

273.  Weakening  effect  of  Pxmchmg  and  Drilling.— ^r  ^o^^t  ^^'^ 
made  a  number  of  experiments  with  the  object  of  determ '  '^^  ^. 
what  extent  the  strength  of  ordinary  wrought-iroix  structur*''^^  ^"^ 
affected  by  the  processes  of  punching  and  drilling  ;  and  to  s^  "^^^^^ 
for  ordinary  girderwork,  drilling  has  any  advantage  over  ntT^  ^^b^ 
ing.  His  experiments  were  made  on  two  classes  of  iron  v? ^^JV*^ 
Low  Moor,  which  was  soft  and  fibrous,  and  Staffordshire'  4?  ""-O"^ 
was  hard  and  crystalline.  '      **  ^^^^iT^ 

He  found  that  the  drilled  and  punched  bars  were  practical)  ^^ 

the  same  strength.  In  the  case  of  the  Staffordshire  iron  "^  K:^ 
drilled  bar  was  actually  about  2*3  per  cent,  weaker  thaix  ^"^  ^^ 
punched  bar,  and  in  the  Xiow  Moor  about  1  per  cent,  stron  ^^X  ^^ 
the  specimens  being  ^  incli  thick.  When  the  plates  are  thic^^:^^^^ 
the  process  of  drilling  ivireakens  the  plates  leas  than  tha^^^:^>!^ 
punching,  and  the  thicker  the  plate  the  greater  the  difference       ^^^^ 

It  may   be  stated    generally,  that  for  ordinary  ;wTo\xg\vt-v^  ^ 

bridge  work,  punching  is  qn\te  as  good  as  drilling  when  the  "^,^2^^^ 
is  properly  done.  The  case  is  rather  different,  Yiowe^ex,  >ii^>>^ 
large  girders,  when  there  are  five  or  six  ^};|?^^^^?f^»^^  ^^x^^ 
plates.      In  such  cases  tlie   advantages  of  ^^^^^^^^^x^^"^^^  ^^ 

obvious.      With  puncbing    it  iB  difficult  to  get  t^^^Wv^  ^^ 
different    layers   exactly     over  each    other,  so   t.\va.^  ^tyIu^^ 
*Pro.  Inst,  of  Mech.  Eng,,\^l%V*  '^* 
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rimering  would  be  necessary.  When  the  flanges  of  such  girders 
are  to  l^  drilled,  the  plates  should  be  first  placed  in  position  and 
the  drilling  done  through  the  solid  flange  in  one  operation.  By 
this  means  true  holes  may  be  obtained,  and  there  -will  be  no 
necessity  for  drifting. 

With  wrought-iron  plates  over  §  inch  in  thickness,  the  advan- 
tages of  drilling  over  punching  as  affecting  the  strength  of  the 
plates  become  very  apparent. 

Table  XO.  gives  the  result  of  some  experiments  made  by 
Mr.  Parker  of  Lloyd's  on  the  strength  of  punched  and  drilled 
wrought-iron  plates  |  inch  thick. 

In  bars  of  small  section,  such  as  are  frequently  used  in  lattice 
girders  and  roof  work,  drilling  should  be  employed  in  preference 
to  punching.  When  a  hole  is  punched  close  to  the  edge  or  the 
end  of  a  bar,  there  is  a  danger  of  the  iron  bulging  or  splitting. 
For  the  same  reason  when  the  holes  are  close  together  they 
should  be  drilled. 

274.  Pancbing  and  Drilling  Mild  SteeL— Four  methods  may  be 
adopted  in  perforating  steel  plates  or  bars,  viz. ; — 

1.  Punching.  3.  Punching  and  annealing. 

2.  Punching  and  rimering.  4.  Drilling. 

It  has  been  found  by  repeated  experiments  that  the  weakening 
effect  produced  on  mild  steel  plates  by  punching  depends  on  the 
thickness  of  the  plates  and  also  the  kind  of  punch  used. 

The  open  die  or  conical  punching  causes  less  loss  of  strength 
than  a  close  die,  which  produces  a  nearly  parallel  hole.  From 
some  experiments  made  by  Messrs.  W.  Parker  and  W.  John, 
they  found  that  in  punched  holes  with  a  taper  of  only  ^^  inch 
the  loss  of  strength  in  the  plate  was  17*8  per  cent.  When  the 
taper  of  the  hole  was  \  inch,  the  loss  of  strength  in  the  same 
plate  was  only  12-3  per  cent. 

The  above  experiments  also  showed  that  the  weakening  effect 
on  thin  plates  was  much  less  than  on  thick  ones.  The  loss  of 
strength  in  ^-inch  and  |-inch  plates  was  only  8  per  cent.,  in 
^-inch  plates  26  per  cent,  while  in  |  inch  and  |  inch  it  rises  as 
high  as  33  per  cent. 

The  effect  of  punching  thick  steel  plates  not  only  greatly 
reduces  their  strength,  but  also  diminishes  their  ductility.  The 
injury  done  to  the  material,  however,  is  confined  to  a  zone  of 
metal  round  the  hole,  less  than  ^  inch  thick ;  for  if  a  |-inch  hole 
be  punched  and  then  rimed  out  to  1  inch  or  even  J  inch,  it  will 
be  found  that  the  perforated  plate  is  as  strong  per  square  inch  as 
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the  solid  plate.  Another  method  of  restoring  the  strength  is  to 
anneal  the  plates  after  punching. 

It  is  a  curious  fact  that  thin  steel  plates,  say  up  to  f  inch  or 
J^  inch,  suffer  less  loss  of  strength  in  punching  than  do  wrought- 
iron  ones  of  the  same  thickness;  while  in  thicker  plates,  or  those 
beyond  ^  inch,  the  loss  in  steel  plates  is  greater  than  in  iron. 

The  general  conclusion  to  be  drawn  from  the  above  is  that 
mild  steel,  as  used  for  constructional  work,  may  be  safely  punched 
up  to  ^  inch  thick,  and  there  is  no  necessity  for  riming  or 
annealing.  When  over  ^  inch  and  under  |  inch  the  plates 
should  be  drilled,  or  else  annealed  or  rimea  after  punching; 
and,  for  thicknesses  beyond  f  inch,  it  is  advisable  to  drill  the 
holes.  At  all  the  principal  shipbuilding  yards  of  this  country, 
punching,  within  the  limits  above  named,  is  permitted  by  the 
Admiralty  and  Lloyd's  inspectors. 

275.  Increase  of  Strength  due  to  Perforation. — Mr.  Kennedy 
made  some  experiments  on  the  punching  and  drilling  of  ^inch 
and  I'inch  steel  plates,  which  are  of  interest.  The  tenacity  of 
the  |-inch  plates  was  34*4  tons,  and  that  of  the  |-inch  plates 
31*45  tons  per  square  inch,  before  punching  or  drilling. 

After  drilling,  the  strength  of  the  ^inch  plates  was  increased 
by  10*7  per  cent.,  and  that  of  the  finch  plates  by  11*9  per  cent. 

After  punching,  the  ^inch  plate,  in  spite  of  the  injury  done  by 
punching,  showed  an  excess  of  tensile  strength  equal  to  1  -2  per 
cent,  greater  than  the  unperforated  plate.  In  the  f-inch  plate, 
perhaps  on  account  of  its  greater  mildness,  the  excess  of  strength 
was  as  much  as  8  per  cent. 

276.  Strength  of  Rivets  in  Pnnched  and  Drilled  Holes.— Accord- 
ing to  Fairbairn  and  other  authorities,  the  shearing  resistance  of 
rivets  in  drilled  holes  is  less  than  that  of  those  in  punched  holes, 
which  appears  to  be  due  to  the  sharp  edges  of  the  former.  It  is 
found  that  by  rounding  the  edges  a  greater  shearing  resistance 
is  obtained.     The  following  may  be  taken  as  the  proportions: — 

Shearing  resittanoe  of 
rivets  in  tons  per  sq.  Inoh. 

Punched  holes,  •  •  .  .  20*95 
Drilled  holes,  .  •  .  •  19*23 
Bounded  holes,     •        •         .        .         21*52 

Rivets  and  Ri vetting. 

277.  Different  forms  of  Rivet-heads.— Rivets  are  made  from 
round  bars  of  wrought  iron  or  mild  steel  of  the  requisite  dia- 
meter, by  heating  them  in  a  furnace,  cutting  them  to  the 
required  length,  and  forming  a  head  of  suitable  shape  by  means 
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of  a  die  worked  by  machinery.  The  heads  of  rivets  are  made  of 
a  variety  of  forms ;  those  shown  in  figs.  220  to  324  being  the 
most  common. 

Figs.  220  and  221  are  termed  cup-headed  or  snap-headed  rivets; 
the  diameter  of  the  head  being  about  1*75  times  that  of  the  rivet^ 
and  its  depth  about  five-eighths  the  diameter  of  the  rivet. 


^^  CSk^ 


•-D-0 


Fig.  220. 


f 


Fig.  221. 


Fig.  223. 


^:i. 


Fig.  224. 


Fig.  223  is  termed  a  pan-headed  rivet,  while  that  shown  in 
fig.  224  is  called  a  eonicaJrheaded  rivet,  and  that  in  fig.  222  a 
countersunk-headed  rivet. 

The  following  proportions  of  rivet  heads  are  commonly  em- 
ployed : — 
EUipsoidal  (fig.  220)—- 

D  =  diameter  of  rivet, 

R = large  radius  =  D, 

r  =  small  radius  =  -4  D, 

(^B  depth  of  head  at  centre = -^  D. 

Segmented  (fig.  221)— 

D  =  diameter  of  rivet, 
d  »  depth  of  head  at  centre  =  |  D, 
It  B  radius  of  rivet-head  =  i  D, 
^B  depth  of  centre  below  shoulder =|  D. 

Countersunk  rivets  (fig.  222) — 

The  countersink  should  be  at  an  angle  of  GO*",  and  in  any  case 

the  countersinking  should  not  extend  beyond  i  of  the  thickness 

of  the  plate. 

Diameter  of  rivet  s=  D, 

Depth  of  countersink  =  *5  D, 

Extreme  diameter  of  head  «=  1*52  D. 

Fan-headed  or  cheese-headed  rivets  (fig.  223) — 

Diameter  of  rivet  =  D, 
Depth  of  head       =-45D, 
Diameter  of  head  =  1  *5  D. 

The  shank  of  the  rivet  is  parallel  or  slightly  tapering  towards 
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the  point;  its  diameter  being  slightly  less  than  the  hole  into 
-which  it  is  inserted. 

278.  Method  of  Forming  the  Rivet-Head. — The  process  of  rivet- 
ting  consists  in  heating  the  rivet,  if  a  short  one,  to  a  uniform 
heat  all  over  in  a  furnace  ;  if  a  long  one,  it  will  only  be  necessary 
to  heat  the  point  to  a  white  heat^  the  body  of  the  rivet  being  heated 
to  a  lower  temperature ;  the  rivet  is  then  inserted  in  the  hole  and 
a  second  head  is  formed,  usually  of  the  same  shape  as  the  first, 
at  its  point.  This  second  head  is  formed  either  by  hammering 
by  hand,  or  by  the  application  of  mechanical  force.  In  the 
process  of  forming  this  second  head,  the  shank  of  the  rivet  is 
swelled  out  so  that  it  completely  fills  the  hole ;  when  a  rivetted 
member  of  a  structure,  therefore,  is  subjected  to  a  direct  com- 
pressive stress,  as  far  as  its  strength  is  concerned,  it  may  be 
considered  as  one  solid  piece,  the  shank  of  the  rivet  replacing 
the  material  which  has  been  punched  or  drilled  out  of  the 
member.  For  this  reason  it  is  usual,  in  considering  the  strength 
of  the  compressive  members  of  a  structure,  to  take  the  gross 
sectional  area  as  effective,  no  deduction  being  made  for  the  holes 
when  the  rivetting  is  properly  done. 

The  length  of  the  shank  which  projects  through  the  plate  neces- 
sary to  form  the  head  depends  (1)  on  the  thickness  through  which 
the  rivet  passes,  (2)  on  the  diameter  of  the  rivet,  and  (3)  on  the 
method  by  which  the  head  is  formed — §.«.,  by  hand  or  by  machine. 

The  longer  the  rivet,  the  more  material  is  taken  up  in  filling 
the  hole,  and  consequently  the  greater  will  be  the  length 
required  for  forming  the  head ;  also  the  larger  the  diameter  of 
the  rivet,  the  greater  must  be  the  length  of  shank  required  to 
form  the  head.  It  is  also  found  that  more  material  is  required 
to  form  the  head  when  made  by  a  machine  than  by  hand. 

Fig.  225  gives  the  proportion  for  a  snap-beaded  rivet  1  inch 
in  diameter  passing  through  two  ^-inch  plates.     In  this  example 

a  inch  is  the  length  of  shank  usual  to 
ow  in  order  to  form  the  head  when  made 
by  hand,  and  If  to  1^  inch  when  made  by 
machine.  If  the  rivet  be  i  inch  in  diameter, 
1|  inch  and  H  inch  respectively  are  su£Gl- 
cient;  and  for  }-inch  rivets,  1  inch  and 
^^^^^^^  IJ  inch.  If  the  rivet  pass  through  four 
r"  y  plates  instead  of  two,  it  will  be  necessary 

\^    ^  to  add  J  inch  to  the  above  dimensions.     In 

Fig.  225.  order  to  form  a  countersunk  head,  an  allow- 

ance of  shank  equal  to  about  the  diameter 
of  the  rivet  is  what  is  usually  allowed. 
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It  must  be  borne  in  mind  that  the  above  proportions  are  given 
to  indicate  the  general  practice,  and  are  not  to  be  considered  in 
the  light  of  hard  and  fast  rules.  Cases  may  arise  when  a  slight 
modification  will  be  advisable. 

279.  RivettiDg  by  Hand. — In  liand-rivetting  the  services  of 
three  men  are  required,  one  to  hold  the  rivet  in  its  place  by 
means  of  a  holder-up,  while  the  other  two  form  the  head  by 
hammering  alternately. 

In  order  to  form  conical  or  countersunk  heads,  hammers  alon^ 
are  necessary,  but  for  cup-heads  a  cup-shaped  die,  usually  termed 
a  "snap,"  is  used  to  give  the  head  the  required  form.  In 
addition  to  the  three  men,  the  services  of  a  lad  are  required  to 
heat  the  rivets  in  the  furnace  and  to  bring  them  to  the  work  as 
required.  The  cost  of  hand-ri vetting  varies  in  diflferent  localities; 
the  average  price  in  England  at  present  being  about  one  shilling 
and  sixpence  per  score  for  |-inch  rivets,  those  of  larger  diameter 
being  a  little  more  and  of  smaller  a  little  less. 

280.  Machine  Rivetting— Steam  Rivetters — Mechanical  Rivet- 
ters. — In  machine  rivetting,  the  rivet  is  placed  between  two  dies, 
the  first  head  resting  in  one  die,  while  the  other  die  is  pressed 
down  on  the  free  end,  and  thus  forms  the  second  head.  The 
older  forms  of  rivetting  machines  were  driven  by  steam  acting 
through  the  medium  of  a  piston  on  the  end  of  a  plunger  which 
gave  a  sudden  blow  to  the  rivet.  The  pressure  exerted  on  the 
rivet  by  this  machine  is  equal  to  the  area  of  the  piston  in  square 
inches  multiplied  by  the  steam  pressure  per  square  inch.  Steam 
rivetters  in  time  became  superseded  by  mechanical  rivetters,  the 
ram  in  these  machines  being  worked  backwards  and  forwards  by 
means  of  an  eccentric  shaft,  the  machine  being  driven  by  a  strap. 
By  these  machines  the  pressure  applied  in  forming  the  head,  is 
more  gradual  than  in  steam  rivetters,  but  the  pressure  cannot  be 
varied  or  readily  ascertained.  For  this  reason  they  are  not 
suitable  for  the  best  class  of  boiler-work,  but  for  ordinary  girder- 
work  they  answer  very  well. 

281.  Hydranlic  Rivetters. — The  next  development  in  power- 
rivetting  was  the  introduction  of  hydraulic  rivetters,  and  for 
many  years  this  system,  especially  for  boiler-work,  has  been 
gradually  superseding  the  older  methods.  The  advantages  of 
this  system  are  that  the  pressure  on  the  rivet  is  applied  gradually^ 
and  also  the  exact  pressure  can  be  ascertained  and  varied  at 
pleasure.  By  this  method  also  small  portable  rivetting  machines 
may  be  nsed,  and  instead  of  bringing  the  work  to  the  machine 
as  is  the  case  with  fixed  rivetters,  the  machine  may  be  taken  to 
the  work.     Tida  is  very  advantageous  in  erecting  large  bridges 
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and  similar  structures  in  situ.  The  hydraulic  pressure  is  con- 
veyed to  the  machine  by  strong  metal  pipes  with  elbow  joints^ 
the  pressure  varying  from  1000  lbs.  to  1750  lbs.  per  square  inch. 
Some  of  the  objections  to  this  system  are  that  owing  to  the  great 
pressure  used  there  is  generally  a  leakage  at  the  joints ;  in  cold 
weather  also,  there  is  a  danger  of  the  water  being  frozen.  The 
cost  also  is  considerable,  as  in  addition  to  the  machines  them- 
selves, there  are  the  pumps  and  accumulators  which  are  rather 
expensive. 

282.  Pneumatic  Rivetters. — The  most  recent  system  of  power 
rivetting  is  that  in  which  pneumatic  pressure  is  the  motive  power. 
This  method,  patented  by  Mr.  Allen  of  New  York,  has  been  in 
general  use  in  America  for  some  years ;  it  has  only  been  quite 
recently  introduced  into  this  country,  and  so  fisir  as  its  applica- 
tion to  portable  machines  is  concerned,  it  bids  fair  to  establish 
itself  as  a  favourite.  In  Mr.  Allen's  system  the  air  is  pumped 
into  a  wrought-iron  or  steel  receiver  until  a  pressure  of  about 
30  lbs.  per  square  inch  is  obtained  ;  this  pressure  being  sufficient 
for  economically  working  the  machines.  The  compressed  air  is 
taken  to  the  machines  by  flexible  tubes,  and  acts  directly  on 
the  piston,  which  latter  usually  varies  from  8  to  12  inches  in 
diameter,  according  to  the  power  required.  The  piston  rod  is 
connected  to  the  plunger  by  a  system  of  levers,  by  means  of 
which  the  power  is  multiplied,  so  that  the  pressure  on  the  ram 
varies,  being  a  minimum  at  the  commencement  of  its  stroke 
and  a  maximum  at  its  finish. 

This  system  of  rivetting  is  perhaps  the  best  of  all  when  applied 
to  portable  machines ;  the  compressed  air,  on  account  of  its  com- 
paratively low  pressure,  being  much  more  conveniently  distri- 
buted than  water,  and  also  there  is  no  risk  of  its  freezing,  which 
is  an  advantage  in  exposed  situations  in  cold  weather.  The  cost 
also  is  not  so  great  as  that  for  a  hydraulic  plant. 

283.  Pressure  Required  to  Form  the  Rivet-Head. — ^The  amount 
of  pressure  on  the  plunger  necessary  to  form  a  rivet-head  de- 
pends very  largely  on  the  extent  to  which  the  rivet  is  heated ; 
it  depends  also  on  the  material  of  which  it  is  made  and  on  its 
diameter. 

With  wrought-iron  rivets  f  inch  in  diameter,  and  heated  to  a 
red  heat,  from  20  to  30  tons  is  quite  sufficient,  while  with  1-inch 
rivets  45  tons  will  be  necessary. 

With  rivets  made  of  mild  steel,  the  pressure  required  will  not 
be  much  more,  but  with  hard  steel  it  will  be  50  or  100  per  cent, 
in  excess. 

Hi  vetting  as  done  by  the  machine  is  &r  better  than  that  done 
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by  hand ;  the  pressure  being  so  much  greater  and  more  equable, 
the  different  layers  of  plates  are  closely  pressed  together,  and 
the  rivet  is  made  to  fill  the  hole  much  more  effectively  than  if 
manual  labour  be  employed. 

Hand  rivetting  is  similar  in  its  mechanical  effect  to  a  small 
weight  falling  on  the  rivet-head  a  great  number  of  times ;  this 
mainly  affects  the  particles  at  the  end  of  the  rivet.  On  the  other 
hand,  machine  rivetting  resembles  a  heavy  weight  falling  on  the 
rivet,  but  with  a  less  velocity,  and  transmits  its  effect  to  the 
whole  body  of  the  rivet.  Not  only  is  the  work  better  done  by 
the  machine,  but  it  is  done  much  more  quickly  and  economically. 
Rivets  which  cost  one  shilling  and  sixpence  per  score  when  put 
in  by  hand  will  only  cost  from  fifteen  to  twenty  shillings  per 
thousand  when  put  in  by  machine. 

The  advantages  of  machine  rivetting  being  so  patent,  there  is 
little  doubt  that  hand  rivetting  would  be  dispensed  with  altogether 
if  it  were  not  for  the  fact  that  it  is  impossible  or  inconvenient  to 
get  a  machine  into  cramped  and  other  situations ;  in  such  cases 
hand  rivetting  must  be  resorted  to.  Further,  when  a  bridge  or 
other  structure  is  being  erected  in  an  out  of  the  way  locality,  it 
will  not  always  pay  to  transport  a  rivetting  plant  to  the  site. 

284.  StrengUi  of  Rivets  pat  in  by  Different  Machines. — Messrs. 
Greig  <fe  Eyth  made  some  experiments  with  the  object  of  deter- 
mining the  shearing  resistances  of  rivets  put  in  by  different 
machines.  Three  strips  were  connected  together  by  a  rivet,  so 
that  it  was  in  double  shear.  It  appeared  that  the  strength  of 
the  rivet  was  greatest  when  the  joint  was  made  by  the  machines 
which  worked  with  the  gi'eatest  pressure. 

,  With  steel  rivets  |  inch  diameter  in  {^^inch  drilled  holes,  the 
pressure  on  the  rivet  and  the  shearing  stress  were  as  follows : — 


TABLE  XCI. 

FreBBore  on  Biyet 
inToiu. 

ToDB  per  Sq.  Incb. 

Steam  Rivetter, 

37 

26-74 

Stationary  Hydraulic  Rivetter, . 

39 

23*80 

Portable 

20 

22-78 

Power  Rivetter— Light,      , 

31 

22-5 

Heavy,    • 

52 

23-76 

26 
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CHAPTER    XXIIL 

BRIDGES. 

Working  Loads  and  Stresses. 

285.  Definition — Bridges  are  structures  designed  for  the  purpose 
of  carrying  roads  over  rivers,  ravines,  or  other  roads.  They 
may  be  made  of  stone,  wood,  iron,  or  steel,  and  may  be  in  one  or 
more  spans.  Under  this  heading  are  also  generally  included, 
Viaducts,  AqtceductSy  and  Culverts. 

Viaducts  are  structures  similar  to  bridges,  but  they  always 
consist  of  more  than  one  span,  usually  several;  and  their  object, 
to  a  large  extent,  is  to  save  the  expense  of  forming  a  high 
embankment  in  order  to  carry  the  road  at  the  requisite  level. 

An  aqueduct  is  a  structure  similar  to  a  viaduct,  but  instead 
of  carrying  a  road  it  is  designed  for  conveying  water. 

A  culvert  is  a  kind  of  drain,  its  object  being  to  allow  water  to 

CoiiUleverM, 


Fig.  226. 


33^ 


Fig.  227. 

pass  a  road,  &c.  Culverts  are  usually  constructed  of  brick  or 
stone,  and  their  consideration  does  not  fall  within  the  scope  of 
this  work. 
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Simple  types  of  bridges  are  Girder  Bridges,  Cantilever  Bridges, 
Arched  Bridges,  Suspension  Bridges,  dec,  while  complex  types 
consist  of  a  combination  of  two  or  more  of  these  elementary 
forms. 

Fig.  226,  which  is  a  simple  cantilever  bridge,  is  an  example  of 
the  first  type,  while  fig.  227,  which  is  a  combination  of  canti- 
levers and  girders,  is  an  example  of  the  second  type. 

286.  Sahstmcture  and  Snperstmcture. — ^A  bridge  may  be 
divided  into  two  main  parts — 

1.  The  substructure ; 

2.  The  superstructure. 

The  substructure  comprises  the  abutments  and  piers,  including 
their  foundations.  The  abutments  are  the  end  supports,  and  are 
usually  built  of  stone  or  brick.  The  piers  are  the  intermediate 
supports,  and  may  be  of  brick,  stone,  or  iron. 

A  bridge  of  one  span  has  no  piers,  and  all  bridges  have  two 
abutments. 

The  superstructure  of  a  bridge  consists  of  the  top  portion^ 
including  the  roadway,  girders,  arches,  chains,  bracings,  <kc.j  in 
fact,  everything  in  the  bridge  with  the  exception  of  the  abut- 
ments and  piers. 

The  relative  importance  of  the  substructure  and  superstruc- 
ture mainly  depends  on  the  nature  of  the  site. 

287.  Particulars  Requisite  for  designing  a  Bridge. — As  a  rule^ 
the  object  of  the  engineer  in  designing  a  bridge  ought  to  be  to 
make  it  as  cheap  as  possible  consistent  with  its  utility  and 
general  appearance.  The  cost  of  the  superstructure  increases 
with  the  length  of  the  spans ;  therefore,  so  far  as  the  superstruc- 
ture is  concerned,  economy  is  best  attained  by  increasing  their 
number  and  diminishing  their  lengths.  On  the  other  hand,  the 
greater  the  number  of  spans,  the  greater  the  number  of  the  piers, 
and  consequently  the  cost  of  the  substructure ;  it  is  necessary, 
therefore,  to  determine  which  is  the  best  combination  for  each 
particular  case.  If  the  piers  are  high  and  the  foundations  bad, 
or  if  they  occur  in  a  river  or  arm  of  the  sea  where  the  water  is 
deep  and  the  current  swift,  they  become  an  expensive  item, 
and  the  fewer  there  are  the  better. 

In  the  case  of  navigable  rivers,  another  consideration  must  be 
taken  into  account.  It  is  important  that  the  height  of  the 
superstructure  above  the  water  and  the  position  of  the  piers  be 
such  that  the  river  traffic  is  not  interfered  with.  Frequently  the 
former  desideratum  cannot  be  obtained  without  great  cost.  It 
may  be  necessary  to  make  one  span  of  the  bridge  movable,  so 
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that  it  can  be  opened  to  allow  vessels  to  pass.  All  these  con- 
siderations have  to  be  taken  into  account  in  making  the  design, 
and  if  possible,  the  engineer  should  visit  the  site  and  examine  the 
nature  of  the  foundations  by  bonngs  or  otherwise.  When  this 
is  not  possible,  as  in  the  case  of  bridges  to  be  erected  abroad,  the 
following  among  other  particulars  should  be  supplied  : — 

1.  A  complete  section  of  the  site,  showing  the  length  of  the 
proposed  bridge  and  the  levels  of  the  approach  roads. 

2.  Information  as  to  the  nature  of  the  ground  and  its  suita- 
bility for  foundations;  this  is  especially  necessary  when  the 
bridge  has  to  cross  a  river  where  piers  may  be  required.  The 
nature  of  the  bed  of  the  river  should  be  ascertained  by  borings, 
and  the  existence  of  rock,  gravel,  sand,  clay,  and  boulders  should 
be  shown  on  the  section. 

3.  The  highest  and  lowest  levels  of  the  water  should  also  be 
indicated,  and  the  clear  headway  required  for  passing  vessels. 

4.  If  the  bridge  is  for  ordinary  road  traffic,  the  required 
width  of  the  roadway  and  footpaths  should  be  indicated;  also  the 
kind  of  roadway  required,  whether  timber,  macadam,  or  stone 
pavement. 

5.  The  kind  of  traffic  liable  to  come  on  the  bridge  should  be 
specified,  more  particularly  the  heaviest  loads  which  may  pass 
over  it.  It  is  also  necessary  to  know  the  distance  apart  and  the 
number  of  wheels  of  the  vehicles  which  convey  these  loads. 
This  information  is  specially  useful  for  determining  the  loads  on 
the  cross  girders  and  road  bearers,  which  are  exposed  to  heavy 
concentrated  weights. 

6.  If  the  bridge  is  for  the  purpose  of  carrying  a  railway,  it 
should  be  stated  whether  a  single  or  double  line  is  required,  also 
the  gauge  of  the  rails.  The  weight  of  the  heaviest  engine  and 
how  the  weight  is  distributed  on  the  wheels  should  be  stated, 
and  also  the  weight  per  lineal  foot  of  loaded  trucks  and  carriages. 

7.  Information  should  also  be  given  of  the  means  of  conveying 
the  bridge  to  the  site;  the  nature  of  the  roads,  &c.,  leading  to  it. 
In  case  scaffolding  be  required  to  erect  the  bridge,  information 
should  be  had  as  to  the  facilities  for  obtaining  this  in  the 
neighbourhood. 

Information  under  this  last  head  is  often  of  the  greatest 
consequence.  Some  sites  are  so  inaccessible,  that  the  cost  of 
getting  the  bridge  there,  may  be  more  than  the  cost  of  the  bridge 
itself.  In  such  cases  the  design  must  be  so  arranged  that  no 
part  must  exceed  a  certain  weight  and  certain  dimensions. 
Oases  sometimes  occur  where  skilled  labour  cannot  be  procured 
in  the  locality,  and  where  it  may  be  expensive  to  send  suitable 
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men.     Under  such  circumstances  arrangements  should  be  made 
so  that  the  work  to  be  done  on  the  site  be  as  simple  as  possible. 

288.  Dimensions  of  Bridges. — There  are  certain  minimum  main 
dimensions,  such  as  the  width  and  height,  of  public  road  bridges 
which  are  fixed  by  the  Governments  of  different  countries.  In 
this  country,  for  example,  for  Over  Bridges^  or  bridges  which  carry 
a  road  over  a  railway,  the  width  between  the  parapets  for  a 
turnpike  road  should  be  at  least  35  feet,  except  in  special  cases 
where  the  road  at  either  end  of  the  bridge  is  narrower,  when  the 
width  may  be  less,  but  in  no  case  to  be  under  30  feet. 

For  public  roads,  other  than  turnpike,  the  width  between  the 
parapets  should  not  be  less  than  25  feet,  except  in  special  cases 
similar  to  those  mentioned  for  turnpike  roads,  when  the  minimum 
width  may  be  20  feet.  The  minimum  width  for  private  roads  is 
12  feet 

The  minimum  height  of  the  lowest  portion  of  an  over  bridge 
above  the  raU-level  is  14  feet  6  inches. 

In  Under  BridgeSy  or  those  which  carry  a  railway  over  a  road, 
the  widths  for  the  different  kinds  of  roads,  or  what  is  the  same 
thing,  the  spans,  taken  on  the  square,  of  the  bridges,  should  be 
the  same  as  stated  for  over  bridges. 

The  minimum  head  room  for  turnpike  roads  should  be  12  feet 
at  the  springing  of  the  arch — ^if  an  arched  bridge — and  16  feet 
for  a  breadth  of  12  feet  in  the  middle.  For  other  public  roads, 
these  dimensions  should  be  12  feet,  15  feet,  and  10  feet  respec- 
tively. 

For  private  roads,  the  minimum  head  room  should  be  14  feet 
for  9  feet  in  the  middle. 

289.  Dimensions  relating  to  Railway  Bridges.*— Table  XCII.» 
see  p.  406. 

<' Additional  width  at  bottoms  of  cuttings,  from  0  to  9  feet. 
"  Arches  over  the  railway  are  seldom  made  of  the  minimum 
spans  shown  by  the  table  on  p.  406,  except  in  the  case  of  tunnels. 
Bridges  over  narrow-gauge  lines  are  usually  of  the  following 
spans: — 

Over  a  single  line,  from  16  to  18  feet, 
Over  a  double  line,  from  28  to  30  feet" 

290.  Loads  on  Bridges. — ^All  bridges  are  exposed  to  two  kinds 
of  vertical  loads  which  should  be  considered  separately,  viz. : — 

1.  The  dead  load, 

2.  The  live  load. 

*  Bankme'B  Use/fd  RvUs  and  Tables,  p.  142. 
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Single  Like. 
Qear  space  outside  of  rail, 
Head  of  rail,      .... 

<3*n«e, 

Head  of  rail,       .... 
Clear  space  outside  of  rail, . 

Least  breadth  of  top  of  ballast,  and 
least  width  admissible  for  arch- 
ways, &c.,  traversed  by  the  railway. 

Spaces  for  slopes  of  ballast,  aod  j  • 
benches    beyond    them,    on  >  r"**™ 
embankments,  .        .       ] 

Total  breadth  of  top  of  embank-  \  from 
ments,      ....      Jto 

Double  Lihb. 
Clear  space  outside  of  rail, 

Head  of  rail, 

Gauge, 

Head  of  rail, 

Middle  space  (called  the  "  six  feet "), . 

Head  of  rail 

Gauge, 

Head  of  rail, 

Clear  space  outside  of  rail, 

Least  breadth  of  top  ballast,  and  least ) 
width  admissible  for  archways,  &c.,  [ 
traversed  by  the  railway,        .         ) 

Spaces  for  slopes  of  ballast,  and  1 , 
trenches  beyond  them  on  em-  >  Jv 
bankments,      .        .        .       ) 

Total  breadth  of  top  of  em- 1  from 
bankments,      .        .        .       |  to 


Narrow 


Ft  Ins. 
4  0 
0  2i 
4  84 
0  2} 
4    0 


13    H 


3  lOi 

8  lo; 


t) 


17    0  \ 
22    0  J 


0 

24 


4    84 
0    24 


0 

21 

84 

24 
0 


24    3 


3    9  \ 
8    9/ 


28 
33 


S} 


Irish 
Gaoge. 


Ft.  Ins. 


0 

24 
3 

0 


13    8 


4    4 


18    0 


0 

24 
3 

24 

0 

24 

3 


0    24 
4    0 


25    4 


4    8 


30    0 


Broad 
Gauge. 


Ft.  Ins. 
4    0 
0    24 
7    0 
0    24 
4    0 


15    5 


9    2 


24    7 


0 

24 

0 

24 

0 

24 
0 

24 
0 


28  10 


9    2 


38    0 
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291.  Dead  Load. — The  dead  load  on  a  bridge  consists  of  ih^ 
weight  of  the  snperstractiire,  and  is  constant  for  each  bridge, 
and,  therefore,  produces  a  constant  stress  either  of  conpreanon 
or  tension  on  each  member.     It  consists  of — 

1.  The  roadway, 

2.  The  platform, 

3.  The  main  girders. 

The  roadway  may  be  of  wood,  macadam,  brickwork,  stone 
aetts,  asphalt,  or  iron,  or  a  combination  of  two  or  more  of  these. 

The  roadway  is  practically  uniformly  distributed  over  the 
whole  sur&ce  of  the  platform.  The  following  table  gives  the 
weights  of  the  materials  most  commonly  used  for  the  roadways 
of  bridges : — 

TABLE  XCm. 


MaterUkL 

Weight  in  Ibe.  per 
ontaicfoot 

Pine,             •           .            .            .            .        80  to  42 

Oak, 

60  to  60 

Creofloted  pine  timber, 

42  to  48 

Granite, 

165 

Limestone,    . 

100 

Sandstone,    . 

165 

Asphalte,      . 

150 

Brickwork,   . 

96  to  112 

Concrete,       .            • 

.       120  to  136 

Sand, 

100  to  120 

Macadam  (compreBsed), 

120 

292.  Live  Load  upon  Public  Road  Bridges.— The  greatest  dis- 
tributed live  load  that  can  come  on  a  public  road  bridge  is  that 
produced  by  a  crowd  of  people  closely  packed  over  its  whole 
surface.  The  estimated  weight  of  such  a  crowd  varies  consider- 
ably ;  some  engineers  consider  80  lbs.  per  square  foot  sufficient, 
while  others  give  very  much  higher  estimates.  Mr.  Stoney 
packed  58  Irish  labourers,  weighing  8,404  lbs.,  into  a  space  of 
57  square  feet;  this  is  equivalent  to  147*4  lbs.  per  square  foot. 
It  is,  however,  scarcely  possible  that  such  crowding  could  take 
place  on  a  bridge.  If  1  cwt.  per  square  foot  be  taken  to  repre- 
sent the  maximum  load  it  will  be  quite  sufficient.  A  body  of 
men  marching  with  regular  step  over  a  bridge  is  very  trying  to 
it,  especially  if  it  be  of  the  suspension  type.  It  is  the  opinion 
of  some  engineers  that  the  stresses  produced  on  some  forms  of 
bridges  by  such  a  moving  load  are  at  least  twice  as  great  as  those 
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produced  by  the  same  load  in  a  state  of  rest ;  but  then  it  must 
be  remembered  that  the  actual  weight  of  marching  troops  per 
square  foot  is  not  nearly  so  great  as  that  of  a  stationary  crowd  ; 
in  fact,  it  does  not  exceed  40  lbs.  per  square  foot. 

Public  road  bridges  are  subject  to  other  loads  besides  a  crowd 
of  people ;  and  though  in  the  aggregate  they  do  not  equal  1  cwt^ 
per  square  foot  of  roadway  area,  yet  at  certain  points  their  in- 
tensity is  very  much  greater,  and  they  may  produce  very  great 
local  stresses.  For  example,  a  traction  engine  or  a  4- wheeled 
vehicle  carrying. a  heavy  boiler,  <&c.,  may  produce  pressures  aa 
great  as  10  tons  on  each  wheel,  or  20  tons  on  a  pair  of  wheels. 
A  single  cross-girder  may  thus  have  to  support  as  much  as  20 
tons  from  the  passing  load,  whereas  the  weight  coming  on  it 
from  a  crowd  of  people  would  be  very  much  less.  A  heavy  roll- 
ing load  of  this  kind  would  also  produce  great  shearing  stress 
towards  the  centres  of  the  main  girders  which  would  not  be  pro- 
duced by  a  uniformly  distributed  load.  Prom  this  it  will  be 
seen  that,  in  order  to  find  the  maximum  stresses  on  the  different 
parts  of  a  road  bridge,  it  will  be  necessary  to  calculate  the 
stresses  both  from  the  maximum  distributed  load  and  the  maxi- 
mum rolling  load,  taken  separately.  If  the  main  girders  be  of 
the  lattice  type,  a  heavy  concentrated  rolling  load  will  produce 
stresses  of  different  kinds,  viz.,  those  of  compression  and  tension, 
in  the  braces  towards  the  centres  of  the  girders,  according  to  its 
position  on  the  bridge,  so  that  it  will  be  necessary  to  counter- 
brace  these  central  lattices  (see  pp.  273,  276). 

203.  Live  Load  on  Railway  Bridges. — The  maximum  rolling  load 
coming  on  a  railway  bridge,  consists  of  a  string  of  locomotives 
coupl^  together  so  as  to  cover  the  bridge.  The  weights  of 
locomotives  are  very  much  greater  now  than  formerly,  and  the 
limit  does  not  yet  seem  to  be  reached.  The  maximum  load  on  a 
oross-girder  occurs  when  a  pair  of  driving  wheels  rests  upon  it» 
or  two  purs  in  a  double  line  of  railway. 

Table  XOIV.  shows  the  average  distribution  of  the  weights  of 
a  six-wheeled  locomotive  on  its  wheels,*  assuming  the  total 
weight  of  the  engine  in  working  order  to  be  1. 

A  string  of  locomotives  coupled  together  will  weigh  from  1  ton 
to  1^  tons  per  lineal  foot.  A  train  of  loaded  cars  will  weigh 
from  \  ton  to  I  ton  per  lineal  foot.  The  live  load  per  lineal  foot 
to  be  allowed  for  in  railway  bridges  varies  with  the  span.  An 
engine  weighing  40  tons  may  not  have  a  greater  wheel  base 
than  16  feet^  so  that  a  bridge  of  16  feet  span,  may  have  a  load 

*  MdUaworth, 
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of  40  tons  for  each  pait-  of  rails  resting  upon  it,  or  2i  tons  per 
foot.  As  the  span  increases,  the  weiglit  per  foot  decreases,  so 
that  in  bridges  of  100  feet  span,  the  weight  per  foot  on  each  line 
will  not  exceed  1^  tons.  For  spans  of  400  feet,  the  load  will 
be  rather  less  than  1  ton. 

TABLE  XCIV. 


Load  on  leading  wheels, 
„  driving  wheels, 
„      trailing  wheels, 

Total  weight  of  engine. 


Puseiager 
Engines. 


0-32 
0-48 
0*20 

1-00 


Ooodfl  Engines. 


0-34 
0-36 
0-30 

1-00 


Passenger  engines,  4  ft.  84  in.  gauge, 

average  weight, from  30  to  35  tons, 

Goods  engines, ,,    35  to  40    „ 

M^tre  gauge, ,,    18  to  20    „ 


Sir  B.  Baker  gives  the  following  loads  for  modem  engines : — 

TABLE  XCV.— Live  Load  nr  Tons  fob  Single  Line, 
For  10  feet  spans,  rolling  load  =>  3*00  tons  per  foot. 


»  20 
»  30 
„  60 
„  100 
•,160 
„  200 
„  300 


2-40 

210 

1-60 

1-376 

1-25 

1-125 

1-00 


Table  XCYI.  gives  the  maximum  rolling  loads  for  different 
spans  allowed  by  one  of  the  large  English  railway  companies. 
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TABLE  XCVI.- 

-Maximum  Rolling  Loads 

ON  Railway  Baidcfxs  ow 

Different  Spans. 

Span  in 

ssa-iS 

Tons 

Distributed 

for  each 

Pair  of 

Ralls. 

Span  In 
Feet 

Tons 

Distributed 

for  each 

Pair  of 

RaUs. 

^"f^l 

Rolling 
Load  in 

Tons 

for  each 
Pair  of 
Ralls. 

RoUinc 

Tons 
Span  In     Dtofcribnted 
feet.          for  each 
Pair  of 
Rails. 

10 

32 

33 

62 

56 

85 

79 

118 

11 

33 

34 

63 

57 

87 

80 

120 

12 

34 

35 

64 

58 

88 

81 

121 

13 

36 

36 

65 

59 

90 

82 

123 

14 

38 

37 

66 

60 

91 

83 

124 

15 

40 

38 

67 

61 

93 

84 

125 

16 

42 

39 

68 

62 

94 

85 

127 

17 

45 

40 

69 

63 

96 

86 

123 

18 

47 

41 

70 

64 

97 

87 

129 

19 

48 

42 

71 

65 

98 

88 

130 

20 

50 

43 

72 

66 

99 

89 

132 

21 

51 

44 

73 

67 

101 

!      90 

133 

22 

53 

45 

74 

68 

102 

i      91 

1 

134 

23 

54 

46 

75 

69 

104 

92 

136 

24 

55 

47 

76 

70 

105 

93 

137 

25 

56 

48 

77 

71 

106 

94 

138 

26 

57 

49 

78 

72 

108 

,      95 

140 

27 

57 

50 

79 

73 

109 

!      96 

141 

28 

58 

51 

80 

74 

111 

!      97 

143 

29 

59 

52 

81 

75 

112 

98 

144 

30 

59 

53 

82 

76 

114 

90 

145 

31 

60 

54 

83 

77 

115 

100 

147 

32 

61 

55 

84 

78 

117 
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Mr.  Stoney,  in  the  last  edition  of  his  work,  gives  the  following 
table,  which  he  recommends  for  lines  where  the  heaviest  engines 
are  used.  It  will  be  noticed  that  these  loads  are  considerably 
in  excess  of  those  recommended  by  Mr.  Baker : — 

TABLE  XCYIL — Standard  Rolling  Load  ok  Kailwat  Bbisoes. 


Length  of  Qiider. 

Standard  train  load 

per  foot  of  each 

Une. 

Length  of  Qlrder. 

BtMdard  train  load 

per  foot  of  each 

line. 

Feet 

TonA. 

FeeL 

Tons. 

400 

1-25 

100  to  40 

2-0 

350 

1-37 

35 

2-5 

300 

1-50 

30 

30 

250 

162 

25 

3-5 

200 

1-76 

20 

4-0 

150 

1-87 

15 

4-5 

10 

50 

The  loads  given  in  the  preceding  tables  are  applicable  only  to 
^x  the  strengths  of  the  main  girders.  Other  portions  of  the 
bridge,  such  as  the  cross-girders  and  rail-bearers,  are  exposed  to 
local  loads  which  have  to  be  considered  independently.  For  a 
single  line,  each  cross-girder,  as  has  been  stated,  is  exposed  to 
the  weight  of  a  pair  of  driving  wheels,  which  in  heavy  engines 
may  amount  to  20  tons.  A  rail-bearer  is  liable  to  have  one 
driving  wheel  resting  on  its  centre,  the  weight  from  which  may 
be  as  much  as  10  tons,  and  its  strength  must  be  proportioned 
accordingly. 

294.  Effect  of  Loads  in  Rapid  Motion. — Loads  in  rapid  motion, 
such  as  railway  trains,  in  passing  over  a  bridge  produce  greater 
stresses  on  the  structure  than  equal  loads  at  rest.  This  factor, 
however,  does  not  seem  to  be  sufficiently  great  to  be  taken  into 
consideration,  except  in  bridges  of  small  span.  Commissioners 
were  appointed  to  investigate  this  subject,  and  they  made  a 
careful  series  of  experiments  by  passing  loads  at  different 
velocities  over  bars  and  observing  the  deflection.  Thus,  for 
example,  "  when  the  carriage  loaded  to  1120  lbs.  w|is  placed  at 
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rest  upon  a  pair  of  cast-iron  bars,  9  feet  long,  4  inches  broad, 
and  l|  inches  deep,  it  produced  a  deflection  of  ^^ths  of  an  inch ; 
but  when  the  carriage  was  caused  to  pass  over  the  bars  at  the 
rate  of  10  miles  an  hour,  the  deflection  was  increased  to  y^ths, 
and  went  on  increasing  as  the  velocity  was  increased,  so  that  at 
30  miles  per  hour,  the  deflection  became  1^  inches ;  that  is,  more 
than  double  the  statical  deflection."  Since  the  velocity  so  greatly 
increases  the  effect  of  a  single  load  in  deflecting  the  bars,  it 
follows  that  a  much  less  load  will  break  the  bar  when  in  motion 
than  when  at  rest.  In  the  example  above  selected,  a  weight  of 
4150  lbs.  is  required  to  break  the  bars  if  placed  upon  their  centre ; 
but  a  weight  of  1778  lbs.  is  sufficient  to  prcduce  fracture  if 
passed  over  them  at  the  rate  of  30  miles  an  hour. 

The  increase  in  the  deflection  of  railway  bridges  owing  to  the 
rapid  motion  of  a  train  is  practically  very  small,  except  in  the 
case  of  small  spans.  Mr.  Stoney  found  that  "  the  difference  of 
deflection  caused  by  a  locomotive  crossing  the  central  span  of  the 
Boyne  Viaduct,  264  feet  in  the  clear  between  the  supports,  at  a 
very  slow  speed,  and  at  50  miles  an  hour,  was  scarcely  perceptible, 
and  did  not  exceed  the  width  of  a  very  fine  pencil  stroke ; "  but 
the  increase  of  deflection  is  more  marked  in  bridges  of  small 
span,  as  appears  from  the  following  experiments  made  on  the 
Godstone  Bridge,  South  Eastern  Railway,  by  the  Commissioners 
appointed  to  inquire  into  the  application  of  iron  to  railway 
structures.  The  Godstone  is  a  cast-iron  girder  bridge  30  feet 
span,  with  two  lines  of  railway. 

Weight  of  two  girders,   .         .        •        .15  ton& 
„        platform  between  these  girders,  10    „ 

„         half  the  bridge,  i,e.,  dead  load,   25     „ 

Weight  of  engine, 21  tons. 

„        tender, 12    „ 

Moving  load, 33    „ 

Velocity  in  Feet  per  Deflection  in 

Second.  Inches. 

0  -19 

22  =  15  miles  per  hour.  -23 


40  =  27-3    „  „  -22 

73-49-8    „  „  -25 
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The  conclusions  arrived  at  by  the  Commissioners  were  as 
follows : — 

**  That  as  it  has  appeared  that  the  effect  of  velocity  coromuni- 
cated  to  a  load  is  to  increase  the  deflection  that  it  would  produce 
if  set  at  rest  upon  the  bridge ;  also  that  the  dynamical  increase 
in  bridges  of  less  than  40  feet  in  length  is  of  sufficient  importance 
to  demand  attention,  and  may  even  for  lengths  of  20  feet  become 
more  than  one-half  of  the  statical  deflection  at  high  velocities, 
but  can  be  diminished  by  increasing  the  stiflhess  of  the  bridge ; 
it  is  advisable  that,  for  short  bridges  especially,  the  increased 
deflection  should  be  calculated  from  the  greatest  load  and  highest 
velocity  to  which  the  bridge  may  be  liable ;  and  that  a  weight 
which  would  statically  produce  the  same  deflection  should,  in 
estimating  the  strength  of  the  structure  be  considered  as  the 
greatest  load  to  which  the  bridge  is  subject." 

295.  Side  Pressure  on  Bridges. — There  are  two  motive  forces 
which  may  produce  a  horizontal  side  pressure  on  bridges,  viz., 
wind-pressure  and  centrifugal  force.  These  forces  may  play  an 
important  part  in  bridges  of  long  span,  not  only  on  the  super- 
structure, but  also  on  the  piers  if  these  latter  are  high,  an  example 
of  which  occurred  in  the  first  Tay  Bridge,  the  piers  of  which 
failed  owing  to  the  wind-pressure.  As  the  subject  of  wind- 
pressure  has  been  treated  of  elsewhere  (see  Chap.  XXIX.)  it  will 
not  be  necessary  to  refer  further  to  it  here. 

296.  CentriAigal  Force. — ^When  the  rails  on  a  railway  bridge 
form  a  curve,  a  centrifugal  force  is  produced  by  a  passing  train 
which,  though  modified  by  raising  the  rail  on  the  outer  curve, 
cannot  altogether  be  eliminated.  Theoretically  this  force  varies 
directly  as  the  weight  of  the  train,  and  as  the  square  of  the 
velocity  at  which  it  travels,  and  inversely  as  the  radius  of  the 
curve. 

If  W  =  weight  of  the  train  in  tons, 
V  =  its  velocity  in  feet  per  second, 
r  =  radius  of  curvature  of  the  rails  in  feet, 
g  =  32,  the  force  of  gravity, 
P  s=  centrifugal  force  in  tons, 

W    v^ 
ThenP=— .-.        ,         .        .         (1). 
g      r  ^  ' 

Example  1. — If  an  engine  weighing  40  tons  pass  over  a  curve 
on  a  bridge  with  a  velocity  of  60  miles  an  hour,  what  will  be  the 
side  pressure  exerted  on  the  bridge  when  the  radius  of  the  curve 
s  1000  feet  and  both  rails  are  at  the  same  level  1 


Digitized  by 


Google 


414  BBIDGBS. 

Sixtj  miles  an  hour  is  eqmyalent  to  88  feet  per  second.  We 
have,  therefore, 

W  =  40,        t;  =  88,        r  =  1000,        g  =  32. 

Substituting  in  equation  (1)  we  get — 

297.  Longitudinal  Stresses  on  Bridges. — In  these  days  of  con- 
tinuous railway  brakes,  when  the  motion  of  a  train  can  be 
suddenly  retarded  by  the  application  of  the  brakes,  a  very  great 
longitudinal  stress  is  communicated  to  the  rails,  and  which 
through  them  is  transmitted  to  the  bridge.  This  may  become 
serious  in  bridges  resting  on  high  piers. 

If  the  girders  are  secured  to  the  piers  as  is  frequently  the  case, 
and  the  ends  resting  on  the  abutments  be  allowed  to  slide,  it  is 
evident  that  the  longitudinal  stress  produced  by  the  retardation 
of  the  train  is  communicated  directly  to  the  pier  or  piers,  con  - 
verting  them  into  cantilevers  loaded  at  the  free  end. 

Mr.  Baker,  in  a  discussion  on  the  Jubilee  bridge  erected  in 
India,*  said,  "  Longitudinal  stress  from  brakes  is  an  extremely 
important  element  in  the  design  of  viaducts  at  the  present  day. 
Last  Autumn  some  experiments  were  made  on  the  West  Shore 
railroad  with  the  Westinghouse  brake  fitted  to  a  train  of 
American  box  cars,  each  weighing  20  American  tons  light,  and 
50  tons  loaded,  with  a  length  of  38  feet  4  inches.  That  comes  to 
very  much  the  same  thing  as  a  continuous  string  of  locomotives, 
and  the  experimental  train  consisted  of  fifty  of  these  cars.  From 
the  rate  at  which  the  train  pulled  up  when  the  brakes  were 
applied  it  might  at  once  be  deduced  that  the  retarding  force 
must  have  been  ith  of  the  weight.  That  would  mean  that  a 
similar  train  over  the  Hooghly  Bridge  with  the  brakes  on  would 
produce  a  longitudinal  shove  of  200  tons.  Now  200  tons  acting 
on  the  top  of  these  piers  33  feet  high  meant  a  bending  moment 
of  6,600  tons.  In  many  cases  this  would  be  sufficient  to  bring 
the  bridge  down.  .  .  .  The  old  Tay  Bridge  with  five  con- 
tinuous spans  of  over  200  feet,  fixed  only  at  one  pier  and  at 
rollers  on  the  others,  might  have  gone  down  any  fine  afternoon 
from  this  cause,  if  it  were  not  held  by  the  rails  of  the  permanent 
way  which  had  no  expansion  joints.'' 

208.  Working  Stresses  on  Bridges. — ^There  are  two  kinds  of 
working  stresses  to  which  the  members  of  a  bridge  may  be 
exposed,  viz. : — 

♦  Min,  of  Pro,  Inst,  of  C.R,  vol.  92. 
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1st.  The  permanent  worhmg  stress,  which  is  due  to  the  dead 
-weight  of  the  structure  itself,  and  which  is  permanent  and 
constant 

2nd.  The  meiximum  toarking  stress,  which  takes  place  when  the 
TnaximuTn  live  load  passes  over  the  bridge.  XJsuallj  when  the 
working  stress  is  mentioned,  the  latter  is  understood;  and  the 
working  stress  on  any  member  of  a  structure  may  be  defined  to 
be  the  maximum  stress  per  square  inch  of  sectional  area  to  which 
the  member  may  be  exposed. 

The  question  as  to  what  ought  to  be  the  safe  working  stress 
allowed  for  in  different  materials  is  not  in  a  very  satis&ctory 
condition  (see  Arts.  19  and  20).  Up  to  the  present  it  has  been 
determined  by  dividing  the  ultimate  strength  of  the  material  by 
a  certain  niunber,  which  is  called  the  fact&r  of  safety ;  and  the 
stress  thus  determined  has  generally  been  applied  to  all  cases 
alike,  whether  the  stress  be  produced  by  a  fixed  or  by  a  moving 
load.  This  practice  is  open  to  objections.  It  is  not  so  much  the 
ultimate  strength  of  the  material  which  ought  to  form  a  basis 
for  fixing  the  working  stress,  as  Us  limit  of  elastidty,  and  this  is 
the  best  criterion  for  determining  the  working  stress.  If  the 
ultimate  strength  be  taken  as  a  basis,  it  should  only  be  done  so 
in  conjunction  with  the  limit  of  elasticity.  At  present  both  of 
these  are  recognised  by  engineers. 

290.  WorkiDg  Stress  on  Cast-iron  Bridges. — Cast  iron,  like 
other  materials,  behaves  differently  when  subjected  to  a  statical 
load  and  to  a  moving  load. 

The  commissioners  appointed  to  inquire  into  the  application  of 
iron  to  railway  structures,  found  that,  when  a  bar  of  cast  iron 
was  subjected  to  long-continued  impacts,  "The  general  result 
obtained  was,  that  when  the  blow  was  powerful  enough  to  bend 
the  bars  through  one-half  of  their  ultimate  deflection  (that  is  to 
say,  the  deflection  which  corresponds  to  their  fracture  by  dead 
pressure),  no  bar  was  able  to  stand  4,000  of  such  blows  in 
succession ;  but  all  the  bars  (when  sound)  resisted  the  effects  of 
4,000  blows,  each  bending  them  through  one- third  of  their 
ultimate  deflection." 

From  another  series  of  experiments  they  found  *'  That  when 
the  depression  was  equal  to  one-third  of  the  ultimate  deflection, 
the  bars  were  not  weakened.  This  was  ascertained  by  breaking, 
them  in  the  usual  manner  with  stationary  loads  in  the  centre. 
When,  however,  the  depressions  were  made  equal  to  one-half  of 
the  ultimate  deflection,  the  bars  were  actually  broken  by  lesa 
than  nine  hundred  depressions.  ...  It  may  on  the  whole, 
therefore,  be  said,  that,  so  far  as  the  effects  of  reiterated  flexure 
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are  concerned,  cast-iron  beams  should  be  so  proportioned  as 
scarcely  to  suffer  a  deflection  of  one- third  of  their  ultimate 
deflection.  ...  It  follows  that  to  allow  the  greatest  load  to 
be  one-sixth  of  the  breaking  weight  is  hardly  a  sufl&cient  limit 
for  safety,  even  upon  the  supposition  that  the  beam  is  perfectly 
sound." 

As  a  general  rule,  one-sixth  of  the  breaking  weight  may  be 
taken  as  the  safe  working  stress  for  cast-iron  girders  in  bridges, 
while  those  that  are  employed  to  support  constant  steady  loads, 
one-fourth  of  the  breaking  stress  may  be  considered  safe. 

The  Board  of  Trade,  in  its  regulations  with  regard  to  the 
working  stresses  on  cast-iron  girders  in  railway  bridges,  very 
properly  recognises  a  difference  between  the  dead  and  rolling 
loads  on  such  structures,  and  its  rule  is — '*  In  a  cast-iron  bridge 
the  hreaJdng  weight  of  the  girders  should  not  he  less  than  tJiree  times 
the  permanent  load  due  to, the  weight  of  the  superstmcturey  added 
to  six  'times  the  greatest  moving  load  that  can  be  broiight  on  it." 

In  railway  bridges  it  is  best  not  to  expose  the  cast  iron  in 
tension  to  more  than  one-sixth  of  its  ultimate  strength,  which  in 
fairly  good  iron  will  be  from  1 J  to  IJ  tons  per  square  inch.  In 
those  parts  exposed  to  compression,  6  tons  may  be  allowed. 

The  working  stresses  allowed  by  the  French  Government  are 
very  much  less,  viz.,  about  0*63  tons  in  tension,  and  3*17  tons  in 
compression. 

Engineers  in  their  specifications  usually  stipulate  that  test 
bars  of  cast  iron,  when  supported  at  the  ends,  must  carry  a  certain 
weight  at  the  centre.  A  common  test  clause  is  that  rectangular 
bars,  2"  x  1'',  placed  edge-ways  on  bearings  3  feet  apart,  shall 
support  a  weight  of  25  cwts.  suspended  from  the  centre.  Another 
common  specified  test  is  that  bars,  1"  x  F,  placed  on  bearings 
4  feet  6  inches  apart  shall  supi)ort,  without  fracture,  a  weight  of 
550  lbs.  hung  from  the  centre.  It  is  also  usually  directed  that 
one  or  more  of  the  test  bars  shall  be  run  from  each  heat  of 
metal.  There  is  no  difficulty  in  procuring  iron  to  stand  these 
tests. 

When  cast-iron  pillars  rest  on  masonry  foundations,  for  good 
work  it  is  specified  that  the  bases  be  faced  in  the  lathe.  If  a 
pillar  or  pile  be  made  of  different  lengths  bolted  together,  the 
abutting  surfaces  at  the  joints  should  be  £Ei.ced.  Some  engineers 
further  specify  that,  in  addition  to  facing  the  abutting  surfaces, 
layers  of  sheet  lead  be  inserted  between  them ;  but  this  precau- 
tion, except  in  special  circumstances,  is  superfluous.  When  cast- 
iron  girders  rest  on  masonry,  or  bearing  plates,  or  other  girders, 
tt  is  usuaI  to  specify  that  a  layer  of  sheet  lead  or  one  or  more 
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layers  of  felt  be  placed  between  the  bearing  surfaces.  When  a 
cast-iron  arch  is  made  up  of  different  segments  bolted  together, 
the  abutting  surfaces  should  be  faced  and  a  layer  of  lead  inserted 
between  them. 

300.  Working  Stresses  on  Wrought-Iron  Bridges The  Board 

of  Trade   Rule  for  the  working  stresses  allowed  to  come  on 
wrought-iron  bridges  is  : — "  In  a  rvrought^ron  bridge  the  greatest 
load  which  ca7i  be  brotcght  upon  it,  added  to  the  vmght  of  the  super- 
structurey  should  not  produce  a  grecUer  stress  on  any  part  of  the  . 
material  than  5  tons  per  square  inch," 

Engineers  do  not  take  full  advantage  of  this  rule  in  designing 
bridges ;  the  limit  of  5  tons  is  only  applied  to  those  parts  of  the 
structure  exposed  to  tension,  those  members  in  compression  not 
being  strained  to  the  same  extent.  The  top  flanges  of  girders^ 
for  example,  as  a  rule  are  only  exposed  to  a  maximum  of  4  tons, 
while  the  struts  in  lattice  girders,  (&c.,  are  subjected  to  stresses 
which  vary  with  the  ratio  of  the  length  of  the  strut  to  its 
diameter,  and  also  according  to  the  manner  in  which  the  ends  are 
fastened,  as  explained  in  Chap.  XI.  The  stress  of  5  tons  on  those 
members  in  tension  is  computed  on  the  net  sectional  area  only, 
the  area  of  the  rivet  holes  being  deducted  from  the  gross  sectioiL 
The  stress  on  the  compression  members  is  usually  computed  on 
the  gross  sectional  area,  as  the  holes  are  supposed  to  be  completely 
filled  up  by  the  rivets.  This  method  of  applying  the  working 
stresses  has  the  effect  of  making  the  top  and  bottom  flanges  of  a 
girder  nearly  equal  in  section,  the  compression  flange  being 
slightly  greater. 

These  rules  for  determining  the  working  stresses  on  wrought- 
iron  bridges,  though  generally  adopted  in  this  country,  cannot 
be  said  to  be  altogether  satisfactory.  Wrought  iron,  like  cast 
iron,  when  exposed  to  vibrations,  and  variations  of  stress,  is 
likely  to  become  more  deteriorated  in  time,  than  when  it  is 
exposed  to  only  a  constant  and  steady  stress ;  and,  such  being 
the  case,  it  is  only  natural  that  this  &ct  should  be  recognised  in 
designing  structures. 

This  may  be  done  in  two  ways : — 

1.  The  flanges  of  main  girders,  especially  those  of  large  span 
which  are  not  so  susceptible  to  vibrations  and  variations  of  stress, 
may  be  exposed  to  5  tons  in  tension  and  4  tons  in  compression, 
as  already  explained ;  while  those  of  the  cross-girders,  especially 
in  railway  bridges  which  are  more  exposed  to  vibrations  and 
changes  of  stress  from  passing  loads,  should  not  be  exposed  to 
more  than  3  tons  in  compression  and  4  tons  in  tension.  This 
difference  of  working  stress  between  the  main  and  cross-girden 
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of  railway  bridges  is  recognised  by  American  engineers.  It  is 
also  advisable  in  some  cases  not  to  expose  the  lattice-bars  of  the 
main  girders  to  more  than  4  tons  in  tension. 

2.  Two  working  stresses  might  be  employed,  one  (for  the  dead 
load)  of  say  5  tons  for  tension  and  4  tons  for  compression,  and 
another  (for  the  Hve  load)  of  say  4  tons  for  tension  and  3  tons 
for  compression.  This  seems  a  very  good  practice  to  adopt  in 
designing  railway  bridges,  but  so  long  as  it  is  not  recognised  by 
the  Board  of  Trade  or  other  Official  Authorities,  it  is  not  likely 
to  be  generally  adopted. 

The  French  rule  for  wrought-iron  railway  bridges  is  that  m 
no  pa/rt  shall  the  working  stress  either  of  tension  or  compression 
exceed  3*8  tons  per  square  inch  of  gross  section, 

801.  Shearing  Stresses  on  the  Webs  of  Wronght-Iron  Girdefs. — 
In  wrought-iron  girders  with  continuous  plate  webs,  there  is  ho 
definite  rule  as  to  what  w^orking  shearing  stress  should  be 
applied  to  the  webs ;  a  great  deal  depends  on  whether  the  webs 
are  properly  stiffened.  When  this  is  done  it  is  not  usual  to  subject 
them  to  a  greater  working  stress  than  3  or  3^  tons  per  square 
inch  of  net  sectional  area,  especially  in  railway  bridges ;  for  the 
cross-girders  and  rail-bearers  the  stress  should  be  rather  less. 

In  wrought-iron  bridges  there  is  always  a  certain  amount  of 
corrosion  going  on  which  in  time  materially  affects  the  strength 
of  the  structure.  This  deterioration  largely  affects  the  web, 
which,  in  proportion  to  its  weight,  exposes  a  large  surface  to  the 
atmosphere.  For  this  reason  it  is  advisable  to  have  a  good 
margin  of  strength  in  the  webs. 

All  the  foregoing  working  stresses  are  based  on  the  assumption 
that  the  iron  is  of  ordinary  quality  with  an  ultimate  tensile 
strength  of  at  least  20  tons  to  the  inch.  With  special  brands,  it 
is  allowable  to  increase  somewhat  the  working  stresses,  although 
the  Board  of  Trade  does  not  recognise  any  distinction. 

302.  Working  Stresses  on  Steel  Bridges.  — Mild  steel  has  of 
late  years  come  very  much  to  the  front  as  a  material  for  bridge- 
construction,  and  it  is  not  at  all  unlikely  that,  in  the  future,  it 
may  altogether  supersede  wrought  iron.  The  working  stresses 
applicable  to  this  material  are  not  so  clearly  defined  as  in 
wrought  iron.  This  is  owing  to  the  fact  that,  being  a  new 
material,  its  strength  under  different  conditions  of  loading  has 
not  been  exhaustively  proved.  The  Board  of  Trade  rules  pro- 
hibit, except  in  special  cases,  a  greater  working  stress  than 
6^  tons;  this,  compared  with  5  tons  on  wrought  iron,  means 
only  an  increase  of  about  30  per  cent.  This  working  stress  is 
rery  safe  considering  that,  at  the  present  day,  reliable  steel  cafi 
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be  produced  with  a  tensile  strength  of  30  tons,  and  a  limit  of 
elasticity  of  about  18  tons.  So  long  as  the  Board  of  Trade 
adhere  rigidly  to  their  rule,  the  use  of  steel  for  public  bridges 
will  not  be  extensive.  In  the  Forth  Bridge,  where  the  steel 
conformed  to  certain  stipulated  tests,  the  Board  of  Trade  relaxed 
their  rule  and  allowed  a  working  stress  of  7^  tons,  and  it  iii 
probable  that  before  long  they  will  make  this  limit  universal. 

303.  Working  Stress  on  Timber. — ^Timber  is  not  now  much 
used  in  this  country  for  permanent  structures,  it  being  super- 
seded by  iron  and  steel.  For  temporary  structures,  however,  it 
is  still  largely  used  in  England,  while  in  America  and  other 
countries  it  forms  an  important  material  for  permanent  struc- 
tures. On  account  of  its  perishable  nature,  especially  when 
exposed  to  the  weather,  it  is  advisable  to  use  a  high  factor  of 
safety.  When  under  cover  the  factor  of  safety  for  permanent 
structures  should  be  about  8,  but  when  exposed  to  the  weather 
it  should  not  be  less  than  10.  American  engineers  do  not,  as  a 
rule,  allow  a  greater  longitudinal  working  stress  than  800  lbs. 
per  square  inch  on  this  material.  When  timber  is  used  for 
temporary  structures,  such  as  scaffolding,  temporary  bridges, 
d^;.,  a  working  stress  equal  to  one-fourth  of  the  ultimate  stress 
may  be  allowed. 


CHAPTER    XXIY. 

BBiDQES — cantirvued. 

Foundations   and  Piers. 

301  Timber  Fotindations. — The  abutments  of  bridges  are 
generally  built  of  stone  or  brickwork,  and  are  made  massive^ 
especially  when  they  have  to  receive  the  thrust  of  an  ai*ch. 

Up  to  a  comparatively  recent  period  the  piers  of  bridges 
were  built  of  stone,  brickwork,  or  timber,  or  a  combination  of 
these.  The  use  of  timber  may  either  be  temporary  or  per- 
manent. In  the  former  capacity  it  may  be  used  for  aiffer-dams,* 
and  in  the  latter  as  foundations  upon  which  to  erect  the  masonry. 
For  this  latter  purpose  timber  piles  are  driven  into  the  ground 
until  a  good  foundation  is  reached,  their  tops  are  then  cut  off 
level,  and  they  are  connected  together  by  horizontal  beams  of 
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wood,  which  form  a  platform  upon  which  the  masonry  is  bnilt. 
Sometimes  the  piles  are  driven  so  as  to  form  a  circle,  the  space 
between  being  filled  with  concrete.  The  ends  of  the  piles  which  . 
go  into  the  ground  should  be  tapered  to  a  point,  and  if  stones  or 
other  impediments  occur  in  the  strata,  the  ends  should  be  fitted 
with  shoes  of  cast  or  wrought  iron. 

Timber  piles  are  usually  driven  by  a  falling  weight,  worked 
either  by  hand  or  by  a  steam  engine.  In  order  to  prevent  the 
head  of  the  pile  being  split  by  the  blows  of  the  ram,  it  should  be 
bound  with  a  wrought-iron  hoop.  Professor  Rankine*  says, 
"  According  to  some  of  the  best  authorities,  the  test  of  a  pile's 
having  been  sufficiently  driven  is,  that  it  shall  not  be.  driven 
more  than  one-Ji/th  of  an  inch  by  thirty  blows  of  a  ram  weighing 
800  lbs.  and  &lling  5  feet  at  each  blow;  that  is  to  say,  by  a 
series  of  blows  whose  total  mechanical  energy  amounts  to 

«  30  X  800  X  5  =  120,000  foot-pounds." 

The  same  authority  says,  *'  It  appears  from  practical  examples 
that  the  limits  of  the  safe  load  on  piles  are  as  follows  : — 

"  For  piles  driven  till  they  reach  the  firm  ground,  1000  lbs. 
per  square  inch  of  area  of  head."     (  =  64-3  tons  per  square  foot.) 

"  For  piles  standing  in  soft  ground  by  friction,  200  lbs.  per 
square  inch  of  area  of  head."     (  ~  12*85  tons  per  square  foot) 

"  The  intensity  of  the  pressure  on  a  rock  foundation  should  at 
no  point  exceed  one-eighth  of  the  pressure  which  would  crush 
the  rock." 

"  The  greatest  intensity  of  pressure  on  foundations  in  firm 
earth  is  usually  from  2500  to  3500  lbs.  per  square  foot,  or  from 
17  to  23  lbs.  per  square  inch." 

305.  Coffer-dams. — Coffer-dams  are  enclosures  used  for  building 
foundations  in  water.  They  are  usually  built  of  timber,  and 
must  be  made  water-tight.  As  ordinarily  constructed,  they 
consist  of  two  main  rows  of  piles  and  sheet  piles,  the  space 
between  them  being  filled  with  clay.  The  tops  of  the  piles, 
which  must  be  above  high-water  mark,  are  bolted  together  by 
cross-beams. 

Professor  Eankine  says : — "The  common  rule  for  the  thickness 
of  a  coffer-dam  is  to  make  it  equal  to  the  height  above  ground,  if 
the  height  does  not  exceed  10  feet;  and  for  greater  heights, 
to  add  to  10  feet  one-third  of  the  excess  of  the  height  above 
10  feet." 

*  Bankine's  Cfivil  Engineering, 
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This  thickness  is  not  given  for  the  purpose  of  making  the 
coffer-dam  water-tight,  as  3  feet  is  generally  sufficient  for  this 
purpose,  but  to  give  the  framework  necessary  stability. 

306.  Caissons. — Caissons  are  water-tight  cases  sxink  in  river- 
beds, or  similar  positions,  and  in  which  masonry  or  brick  piers 
are  built  They  serve  merely  the  purpose  of  cofferKlams,  and 
are  usually  elliptical  in  plan  and  made  of  wrought-iron  or  steel 
plates  stiffened  with  angle  or  tee  rings.  They  may  be  removed 
after  the  pier  is  built,  or  they  may  remain  to  form  part  of  the 
permanent  structure ;  the  latter  plan  being  generally  adopted  as 
the  cost  of  removal  is  often  great. 

The  simplest  method  of  sinking  caissons  is  by  gravitation. 
After  they  have  been  placed  in  their  proper  position  in  the  river- 
bed, the  soil  is  dredged  out  from  the  inside,  which  allows  the 
caisson  to  descend  by  its  own  weight.  It  will  sometimes  be  found 
necessary  to  place  weights  on  the  top  to  facilitate  the  descent. 
After  the  bottom  edge  has  reached  a  firm  stratum  which  prevents 
the  ingress  of  the  water,  the  latter  may  be  pumped  out,  when 
workmen  can  descend  to  complete  the  necessary  excavation. 
After  a  firm  foundation  has  been  reached  the  casing  can  be 
filled  with  concrete  or  masonry. 

Oases  frequently  occur  where  this  simple  method  of  sinking 
cannot  be  employed.  The  nature  of  the  river-bed  may  be  such 
that  the  ingress  of  water  to  the  caisson  cannot  be  prevented  by 
ordinary  means ;  and  it  may  be  necessary  to  cover  over  the  top 
of  the  casing  and  force  air  into  it  at  a  considerable  pressure,  by 
which  means  the  water  may  be  excluded. 

307.  Iron  Piera — Iron  for  foundations  and  piers  may  be  used 
in  a  variety  of  forms,  both  cast  and  wrought  iron  being  exten- 
sively employed.  Oast-iron  piers  usually  consist  of  screw-piles 
or  cylinders,  while  wrought  iron,  as  previously  explained,  may 
be  employed  in  the  form  of  caissons. 

308.  Screw-Piles. — Screw-piles  are  made  of  different  forms  and 
dimensions,  according  to  the  nature  of  the  ground  they  have  to 
pass  through  and  the  loads  they  have  to  bear.  They  are  usually 
made  of  cast  iron,  and  may  be  solid  or  hollow,  and  resemble  an 
ordinary  column  with  a  screw  fixed  at  one  end.  Hollow  piles 
generally  vary  from  9  inches  to  2  feet  6  inches  in  diameter,  and 
from  i  to  H  inches  in  thickness.  They  are  cast  in  convenient 
lengths  with  a  flange  at  each  end — except  the  bottom  length — by 
means  of  which  they  may  be  bolted  together.  In  order  to  make 
a  good  joint,  the  flanges  should  be  faced,  the  holes  drilled,  and 
the  bolts  turned ;  there  will  then  be  no  play  in  the  holes,  and 
the  joint  will  be  better  able  to  resist  the  torsion  to  which  it  is 
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ei^posed  in  the  process  of  screwing.  The  first  length  which  goes 
into  the  ground  has  the  screw-blade  cast  on  it ;  this  latter  seldom 
makes  more  than  a  single  turn.  The  diameter  of  the  screw 
depends  on  the  weight  coming  on  the  pile,  and  on  the  nature  of 
the  ground ;  it  varies  from  twice  to  four  times  that  of  the  pile, 
and  its  pitch  from  one-half  to  one-fourth  of  the  diameter.  It  is 
best  to  have  the  flanges  cast  on  the  inside  of  the  pile  when  the 
diameter  is  sufficiently  large  to  admit  of  the  bolts  being  got  in ; 
they  will  not  then  form  an  obstruction  to  the  downward  passage 
of  the  pile  through  the  ground. 

Screw-piles  are  sometimes  made  of  wrought  iron  or  steel,  in 
which  case  they  are  often  solid  and  of  much  smaller  diameter, 
say  from  4  to  9  inches;  sometimes,  though  rarely,  the  screw- 
blades  are  made  of  the  same  material.  Now  that  steel  castings 
oan  be  made  much  more  reliable  and  more  cheaply  than  formerly, 
it  is  probable  that  this  material  will,  in  the  future,  be  much 
used  for  screw-blades. 

309.  Method  of  Sinking  Screw-Piles. — ^When  a  pile  is  to  be 
inserted  in  the  ground,  it  is  advisable  to  have  a  strong  framework 
to  hold  it  in  its  place  and  to  guide  its  descent.  If  it  is  to  be 
screwed  into  the  bed  of  a  river,  there  should  if  possible  be  a 
fixed  platform  for  the  men  to  work  on ;  this  is  much  preferable 
to  floating  rafts  or  barges,  though  the  circumstances  of  the  case 
may  sometimes  render  the  latter  necessary.  A  capstan  is 
usually  fixed  on  the  top  of  the  pile,  there  being  a  key-way 
in  the  capstan  which  fits  into  a  corresponding  projection  on  the 
pile ;  with  this  arrangement  the  capstan  will  not  descend  with 
the  pile. 

The  capstan  may  be  made  to  revolve  by  men  or  horses  work- 
ing at  the  extremities  of  the  arms,  or  when  more  power  is 
required,  a  rope  or  chain  may  be  made  to  pass  round  the 
extremities  of  the  arms,  and  the  ends  connected  to  crabs 
fixed  on  the  platform  or  ground.  When  the  pile  descends 
a  certain  distance,  the  capstan  is  removed,  another  length  of 
pile  is  bolted  on,  and  the  operation  repeated.  Hollow  piles, 
especially  those  of  large  diameter,  should  be  filled  with  concrete, 
after  they  have  been  sunk ;  this  adds  to  the  strength  and 
stability  of  the  pile  and  prevents  internal  corrosion.  In  large 
undertakings  hydraulic  or  pneumatic  power  may  with  advantage 
be  substituted  for  animal  labour  in  screwing  the  piles.  Screw- 
piles  are  suitable  for  piers  when  the  ground  consists  of  sand, 
gravel,  clay,  alluvial  soils  and  similar  strata;  they  will  also 
penetrate  soft  rock  and  even  brickwork.  But  when  the  strata 
contains  obstacles,  like  trees  and  large  boulders,  they  are  not 
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suitable,  and  their  sinking  becomes  a  very  troublesome  and 
expensive  operation. 

Another  method  of  sinking  cast-iron  piles  has  been  adopted  by 
Mr.  Brunlees,  and  is  very  suitable  for  sandy  soils,  such  as  are 
usually  to  be  mot  with  at  the  sea  side.  According  to  this 
method,  the  pile  is  closed  at  the  top,  except  a  small  aperture 
where  a  tube  is  inserted,  through  this  tube  water  is  forced  by 
means  of  a  hand  pump  or  similar  appliance;  as  the  water 
rushes  down  the  pile,  it  forces  the  sand  away  from  the  base, 
and  by  giving  the  pile  a  horizontal  reciprocating  motion  it 
gradually  descends.  When  it  reaches  the  required  depth,  the 
tube  is  withdrawn,  and  the  sand  consolidates  and  forms  a  firm 
foundation. 

310.  Piers  composed  of  Screw-Piles.— When  a  number  of  screw- 
piles  are  sunk  close  to  each  other,  and 
suitably  braced  together,  they  form  a 
very  strong  pier.  Fig.  228  represents  in 
plan  an  arrangement  adopted  in  forming 
the  piers  of  the  Crumlin  Viaduct,  and 
which  has  since,  with  slight  modifica- 
tions, been  applied  to  a  number  of  other  Fig.  228. 
viaducts  and  bridges.  Each  pier  con- 
sists of  14  cast-iron  piles  12  inches  diameter,  with  a  thickness 
of  metal  of  1  inch.  The  two  central  ones  only  are  vertical,  the 
others  tapering  inwards  towards  the  top  of  the  pier ;  they  are 
securely  braced  together  both  by  cast-  and  wrought-iron  bracings ; 
the  longitudinal  and  transverse  liorizontal  braces  being  cast  iron 
and  the  diagonals  wrought  iron. 

In  making  the  connection  of  wrought-iron  braces  to  cast-iron 
piles,  it  is  advisable  to  have  a  strap  of  wrought  iron  fixed  round 
the  pile,  and  the  bracing  connected  to  this  strap.  This  is  much 
preferable  to  the  plan,  frequently  adopted,  of  making  the  connec- 
tion to  a  lug  cast  on  the  pile ;  this  latter  plan  cannot  be 
recommended  unless  the  lug  is  made  very  strong  indeed. 

311.  Cast-iron  Cylinders, — Cast-iron  cylinders  are  very  suitable 
for  forming  piers  in  water.  They  may  be  4  feet  diameter  and 
upwards,  according  to  the  height  of  the  pier,  the  weight  coining 
on  it,  and  the  nature  of  the  strata  in  which  they  are  sunk.  The 
thickness  of  metal  is  usually  from  1  inch  to  1^  inches.  The 
cylinders  are  cast  in  about  5  feet  lengths,  with  inside  fianges  for 
bolting  the  lengths  together.  It  is  important  that  the  joints 
should  be  made  perfectly  water-tight,  either  by  facing  the  edges 
in  contact  or  by  caulking.  The  bottom  edge  of  the  cylinder  is 
usually  made  thicker  than  the  main  body,  and  is  tapered  dowa 
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to  a  cutting  edge  to  facilitate  its  passage  through  the  ground. 
It  is  a  common  practice  to  have  the  bottom  length  of  the  cylinder 
of  larger  diameter  than  the  main  body,  the  two  diameters  being 
joined  together  by  a  taper  length  of  the  form  of  the  frustrum  of 
a  cone.  By  this  arrangement  an  increased  bearing  area  is  pro- 
vided for. 

In  the  process  of  sinking  a  cast-iron  cylinder  a  few  lengths  are 
bolted  together  and  let  down  into  the  bed  of  the  river.  The  top 
is  always  kept  above  water  by  adding  fresh  lengths  as  it  descends. 
The  material  inside  the  cylinder  is  excavated  by  means  of  a 
digger,  and  as  the  material  is  removed,  the  cylinder  sinks  by  ita 
own  weight,  or  in  some  cases  additional  weight  is  applied  to 
hasten  its  descent.  This  process  is  carried  on  until  the  bottom 
reaches  a  stratum  of  sufRcient  firmness  to  form  a  good  founda- 
tion. Extra  lengths  are  then  added  until  the  top  of  the  cylinder 
reaches  the  required  height.  The  cylinder  is  tlien  filled  in  with 
concrete,  which  gives  increased  stability  to  the  pier.  ^ 

Two  cylinders  at  least  are  required  to  form  a  pier — one  under 
each  main  girder  of  the  bridge,  and  they  are  braced  together 
usually  with  cast-iron  bracing. 

Cylinders  of  large  diameter  are  sometimes  used  as  casings  in 
which  brickwork  or  masonry  is  built ;  the  latter  in  reality  form- 
ing the  pier.  The  iron  in  such  cases  need  only  be  strong  enough 
to  serve  as  a  shell  for  the  masonry. 


CHAPTER    XXV. 
BBIDGES — continued, 

SUPEBSTBUCTUBB. 

312.  Different  Varieties  of  Saperstructore. — Bridges,  as  regards 
the  design  of  the  superstructure,  may  be  thus  clashed : — 

1.  Girder  bridges. 

2.  Arched  bridges. 

3.  Suspension  bridges. 

4.  Movable  bridges. 
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Another  class  might  be  given  which  includes  all  bridges 
having  two  or  more  of  the  above  designs  in  combination. 

313.  Cast-Iron  Girder  Bridges. — The  oldest  form  of  girder 
bi*idges,  if  we  except  those  made  of  timber,  were  constructed  of 
cast  iron  ;  this  materiul  is  now  rarely  employed  except  in  smaU 
spans. 

There  is  very  little  variety  of  design  in  a  cast-iron  girder,  it 
consisting  merely  of  top  and  bottom  flanges  rectangular  hk 
section  and  joined  together  by  a  continuous  web. 

From  experiments  made  by  Hodgkinson,  Fairbairn,  and  others 
on  cast-iron  girders  supported  at  the  ends  and  loaded,  they 
found  that  in  order  that  the  top  and  bottom  flanges  be  of  equal 
strength  their  respective  areas  should  be  in  the  proportion  of 
1  to6. 

This  proportion  is  correct  as  regards  the  resistance  of  th& 
flanges  against  fracture.  This  principle,  however,  is  scarcely 
the  correct  one  to  adopt  in  designing  a  girder ;  the  proportions 
of  the  flanges  ought  to  be  fixed  so  that  when  the  girder  ia 
gradually  loaded  their  limits  of  elasticity  be  reached  about  the 
same  time ;  and  on  this  principle  it  will  be  found  that  the  pro- 
portions between  the  sections  of  the 
top  and  bottom  flanges  should  be 
about  1  to  3,  and  in  practice  this 
rule  is  pretty  generally  followed. 

Cast-iron  girders  are  suitable  for      __^_ 
road-bridges  of  small  span,  where  -pig,  229. 

they  may  be  placed  from  3  to  6 
feet  apart,  brick  arches  being  built  in  between  them  and  resting 
on  their  bottom  flanges  (see  fig.  229).  In  an  arrangement  of  thia 
kind  when  a  heavy  load,  such  as  the  wheel  of  a  heavily  laden 
waggon,  rests  on  the  top  of  the  arch,  an  outward  thrust  is  ]  pro- 
duced on  the  arch,  which  tends  to  push  the  adjoining  girdera 
apart  from  each  other.  This  may  be  provided  against  by  having 
a  series  of  wrought-iron  tie-bolts,  placed  from  5  to  10  feet  apart, 
running  across  the  bridge  transversely,  and  attached  to  the  web 
of  each  girder  by  nuts  or  cotters. 

Perhaps  the  best  method  of  producing  this  lateral  stiflhess  ia 
by  means  of  a  series  of  independent  ties  between  each  girder. 
Fig.  230  shows  a  skeleton  plan  of  four  girders,  which  explains 
what  is  meant.  Instead  of  having  three  continuous  tie-bolta 
passing  through  the  webs  of  the  four  girders  a,  6,  c,  c^,  there  are 
nine  ties  altogether — three  of  which  brace  a  and  b  together,  three 
brace  b  and  c,  and  three  brace  c  and  c^.     In  each  of  the  girders 
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Fig.  230 


b  and  e  there  will  be  six  holes,  and  in  each  of  the  outside  girders 

a  and  c^  three  holes.  A  project- 
ing boss  is  cast  round  each  hole 
to  compensate  for  the  loss  of 
metal.  With  the  arrangement 
shown,  each  tie-bolt  can  be  slack- 
ened or  tightened  by  screwing  the 
nuts  at  its  extremities. 

After  the   brick   arches    have 

been  built,  the  haunches  may  bo 

filled  up  with  ballast,  and  then 

the  roadway  laid. 

A  floor  formed  of  brick  arches  is  necessarily  very  heavy,  and 

instead  of  arches  wrought-iron  bent  plates  may  be  used,  resting 

on  the  top  flange  when  that  member  is  straight     Flat  cast-iron 

plates  resting  on  either  flange  may  also  be  employed. 

311  Wrought-Iron  and  Steel  Girders  for  Bridges. — Girders  of 
wrought  iron  or  steel  are  of  great  diversity  of  design,  when 
used  in  bridges.  Wrought-iron  girders  have  been  made  for 
spans  up  to  500  feet.  Theoretically,  they  may  be  made  much 
longer,  though  they  are  not  economical.  Girders  in  steel,  on 
account  of  the  superior  strength  of  this  material,  may  be  used 
for  much  larger  spans  than  those  of  wrought  iron,  though  up  to 
the  present  few  bridges  of  the  ordinary  girder  type  have  been 
constructed  of  this  material  for  large  spans. 

Large  steel  bridges  of  the  cantilever  type  (see  flgs.  226  and 
227),  like  the  Forth  Bridge,  and  similar  structures,  have  been 
found  very  economical. 

The  proportion  between  the  depth  and  length  of  bridge-girdersj 
varies  considerably.     Generally  speaking  it  is  from  ^  to  -^  for 
simple  girders,  and  from  yV  to  t?^  for  continuous  girders. 
315.  All  girders  consist  of  two  main  parts : — 

1.  The  Flanges  or  Booms. 

2.  The  Web. 

The  flanges  may  be  constructed  almost  of  an  infinite  variety 
of  forms,  the  simplest  consisting  of  a  single  T-bar  or  a  pair  of 
angle-bars,  while  the  webs  may  be  made  either  of  a  continuous 
plate  or  of  a  system  of  braces.  The  webs  may  also  be  either 
single  or  double,  in  which  cases  the  girders  are  called  single- 
webbed  and  box  girders  respectively. 

Fig.  231  represents  the  cross-section  of  the  most  common  kind 
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of  girder.     Each  flange  consists  of  one  or  more  plates  and  a  pair 

of  angles,  and  the  web  consists  of  a  single  plate. 

AH  these  parts  are  ri vetted  together  somewhat 

after  the  manner  shown ;  the  pitch  of  the  rivets 

longitudinally   being  about   4   inches.      Usually 

the  web  is  stiffened  by  vertical  tee-  or  angle-bars 

placed  in  pairs  one  at  each  side  of  the  web,  and 

spaced  longitudinally  from  about  3  to  6  feet  apart. 

In  applying  the  usual  formula  for  calculating 

the  flange-stress  of  such  a  girder  loaded  uniformly         Fig.  231. 

W I 
— viz.,  S  =  -r--T  (see  p.  159) — ^the  depth  of  the  girder  as  given  by 

d  should,  theoretically,  represent  the  distance  between  the  centres 
of  gravity  of  the  two  flanges;  but,  as  in  this  formula  any  aid 
given  to  the  flanges  by  the  web  is  not  taken  into  account,  it  will 
be  sufficiently  accurate  if  cZ  be  taken  to  represent  the  total  depth 
of  the  girder.  In  lattice-girdera,  however,  d  should  be  taken  to 
represent  the  depth  measuring  from  the  backs  of  the  top  and 
bottom  angles,  which  approximately  correspond  with  the  centres 
of  gravity  of  the  flanges. 

316.  Girders  made  of  Dififerent  Materials  in  Combination. — 
Girders  are  sometimes  made  with  a  combination  of  wrought  and 
cast  iron.  The  members  in  compression,  such  as  the  top  boom 
and  the  compression  braces  of  the  web,  being  made  of  cast  iron, 
while  the  bottom  boom  and  the  tensile  braces  of  the  web  are 
made  of  wrought  iron.  This  construction  is  adopted  with  the 
object  of  taking  advantage  of  the  superior  strength  of  cast  iron 
to  resist  a  direct  compressive  stress;  but  the  combination,  though 
good  in  theory,  is  not  to  be  recommended  in  practice,  partly  on 
account  of  the  difference  in  the  moduli  of  elasticity  of  the  two 
materials  (see  Art.  18). 

There  is  a  further  objection  to  the  employment  of  these  two 
inaterials  in  large  girders,  owing  to  the  production  of  secondary 
stresses  caused  by  the  unequal  contraction  or  expansion  of  the 
two  materials  from  change  of  temperature. 

Another  combination  sometimes  employed  in  plate  web  girders, 
is  to  have  the  flanges  made  of  mild  steel  and  the  webs  of 
wrought  iron.  The  objections  just  referred  to  do  not  apply  to 
this  arrangement,  and  it  has  the  advantage  of  being  economical. 
.  ai7.  Plate  Web  Girders. — The  ])late  forming  the  web  of  a 
girder  may  be  in  one  or  more  lengths,  the  joints  being  vertical 
and  covered  at  both  sides  with  plates  or  tee-bars.  The  web  need 
not  be  of  the  same  thickness  throughout  in  girders  with  dis- 
tributed loads,  it  being  thickest  at  the  ends  of  the  girder  whero 
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the  shearing  stresses  are  greatest,  and  diminishing  by  gradations 
towards  the  centre,  where  they  are  a  minimum.  The  joints  in 
the  web  should  always  be  planed  so  as  to  make  a  good  butt 
joint,  and  the  strength  of  the  cover-plates  and  the  number  of 
rivets  forming  the  joint  should  be  sufficient  to  withstand  the 
stresses  to  which  they  may  be  exposed. 

The  minimum  thickness  of  the  web  should  not,  as  a  rule,  he 
less  than  j\  inch,  and,  for  important  girders,  not  less  than  f  inck. 
If  made  thinner,  and  corrosion  takes  place,  which  it  does  rapidly 
in  some  situations,  the  margin  of  strength  left  is  not  great. 

The  web  should  be  suitably  stiffened  at  intervals,  by  bars  of 
tee-  or  angle-section,  either  singly,  or  in  conjunction  with  gusset 
plates.  This  prevents  any  buckling  of  the  web,  and  also  gives 
lateral  rigidity  to  the  girder. 

318.  Stiflfeners  for  Web. — The  tee-  or  angle-stiffeners  for  the 
web  may  be  arranged  in  three  different  ways,  as  shown  in  figs. 
231,  232,  and  233.  In  fig.  232  the  stiffeners  are  straight,  flat 
])ackings  being  placed  between  them  and  the  web.  In  fig.  233 
the  backs  of  the  stiffeners  go  against  the  web,  their  ends  being 
what  is  termed  joggled  over  the  main  angles  of  the  girder.  This 
aiTangement  is  neater  than  the  former,  and  the  packings  are 
dispensed  with.  On  the  other  hand,  it  is  not  quite  so  effective  ; 
besides,  there  is  the  cost  of  joggling  the  ends.     This  "joggling  ** 


Fig.  232. 


Pig.  233. 


Fig.  234. 


is  most  expeditiously  done  by  heating  the  ends  to  a  red  heat, 
and  placing  the  bar  between  a  pair  of  suitable  cast-iron  blocks 
worked  by  hydraulic  pressure. 

Fig.  231  represents  the  third  method,  the  stiffener  being  what 
is  termed  cranked,  or  splayed  out  over  the  main  angles;  this 
cranking  is  also  done  in  the  hydraulic  press.  For  girders  with 
broad  flanges  this  is  decidedly  the  best  method,  as  the  edges  of 
the  flange-plates  are  supported,  and  greater  lateral  stiffness  is 
given  to  the  girder. 

In  all  these  cases  a  gusset-plate  may  be  rivetted  to  the  pro- 
jecting web  of  the  angle-  or  tee-  stiffener,  and  this  plan  should  be 
adopted  in  large  girders.     All  these  stiffeners  occur  in  pairs,  one 
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at  each  side  of  the  web ;  their  distance  apart  longitudinally 
varies  according  to  circumstances  from  about  3  to  8  feet.  A 
pair  of  angle-stitfeners  is  usually  placed  at  each  end  of  the  girder 
and  also  at  the  edges  of  the  abutments. 

Wherever  a  heavy  fixed  concentrated  load  rests  on  the  girder,  . 
whether  on  the  top  or  bottom  flange,  there  should  be  a  ])air  of 
stifTeners  to  distribute  the  ]oad  between  the  flanges.  Such  cases 
occur  where  the  cross-girders  of  a  bridge  rest  on  the  main 
girders,  as  is  shown  in  flg.  234.  A  good  arrangement  in  this 
case  is  to  crank  one  of  the  stiffeners  on  the  cross-girder — as 
shown — and  to  which  it  is  secured  by  rivets.  This  forms  a 
capital  method  of  stiffening  the  main  girders,  and  is  equally 
applicable  to  those  with  lattice-webs. 

319.  BoUed  Beams. — Rolled  beams  come  under  the  head  of 
single-web  plate  girders.  They  are  made  of  wrought  iron  or 
mild  steel  in  lenc^ths  up  to  50  feet,  and  of  depths  from  3  to  24 
inches,  with  a  width  of  flange  varying  from  IJ  to  8  inches. 

This  form  of  girder  is  very  suitable  for  the  floors  of  warehouses 
and  similar  buildings.  Their  use  in  bridges  is  limited  to  the 
cross-girders  and  longitudinal  bearers,  except  in  bridges  of  small 
span,  when  they  may  be  used  for  the  main  girders.  Rolled 
beams  can  never  be  used  economically  for  large  spans,  unless 
some  method  is  adopted  whereby  they  can  be  rolled  with  an 
increased  area  of  flange  and  a  diminished  thickness  of  web 
towards  the  centre. 

320.  Box -Girders. — In  girders  with  wide  flanges,  or  those 
whose  webs  are  exposed  to  great  stresses,  it  is  advisable  to  have 
two  or  even  three  webs  to  connect  the  flanges  together.  Such 
girders  are  called  douhle-webbed  or  treble-webbed,  or,  more  com- 
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Fig.  236. 


monly,  box-girders.  Figs.  235  and  236  represent  some  common 
sections  of  box-girders.  That  shown  in  fig.  236,  which  contains 
8  rows^  of  main  angles,  is  a  much  stronger  form  than  that 
shown  in  fig.  235,  which  only  contains  4  rows;  for,  in  addition 
to  the  increased  strength  of  the  flanges,  the  rivet  connection 
between  the  webs  and  flanges  is  twice  as  strong  in  the  former 
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case,  where  they  are  in  double  ^shear,  than  in  the  latter,  where 
they  are  only  in  single  shear. 

There  is  no  difficulty  in  putting  the  rivets  in  the  girder  shown 
in  fig.  235,  but  in  that  in  fig.  236  the  space  between  the  webs 
•  must  be  sufficiently  great  to  allow  a-  man  or  boy  to  get  inside  in 
order  to  hold  the  rivets  in  their  place  while  the  heads  are  being 
formed.  Web-stiffeners  are  not  so  requisite  in  box-girdens  as  in 
single-web  girders,  on  account  of  their  greater  stiffness.  When 
they  are  used  they  should  be  of  the  forms  shown  in  figs.  232 
or  233. 

In  large  box-girders  with  plate-webs,  one  or  more  manholes 
should  be  provided,  so  that  the  interior  can  be  scraped  and 
painted  periodically.  In  small  box-girders,  special  precautions 
should  be  taken  to  prevent  the  formation  of  rust  by  well  scraping 
the  plates,  and  painting  them  with  bituminous  paint  before 
rivetting  them  together.  In  order  to  provide  against  waste  by 
oxidation,  it  is  always  advisable  to  make  the  plates  thicker  than 
that  necessary  by  mere  considerations  of  strength.  The  difficulty 
of  cleaning  and  painting  the  interior  of  box-girders  will  always 
be  an  objection  to  them. 

The  practice  formerly  much  used  of  making  the  top  booms  of 
large  girders  to  consist  of  a  series  of  cells  or  rectangular  tubes, 
a  notable  example  of  which  occurs  in  the  Britannia  Tubulai* 
Bridge,  though  correct  in  principle,  is  open  to  the  objection  just 
mentioned;  and  for  this  among  other  reasons  this  plan  of  con- 
struction has  fallen  into  disfavour  with  modern  engineers. 

821.  Lattice-Girders. — ^The  booms  of  lattice-girders  are  of  the 
same  construction  as  those  of  plate-girders,  the  difference  between 
the  two  classes  being  altogether  in  the  construction  of  the  web. 

The  web  of  a  lattice-girder  consists  of  a  series  of  braces 
vertical  and  inclined  at  an  angle,  which  connect  the  two  flanges 
of  the  girder,  and  transmit  the  stresses  from  one  to  the  other. 
Lattice,  like  plate-girders,  may  consist  of  a  single  or  double  web. 
They  present  a  lighter  and  more  pleasing  appearance,  and  more 
readily  adapt  themselves  to  variety  of  design,  and  where  the  1 

girders  are  large  are  much  more  economical  than  plate-girders.  1 

They  also    possess  the  advantage  of  not  offisring  so  great  an  ^^^^ 
obstruction  to  the  wind.     This  is  a  very  important  consideration 
in  bridges  resting  on  high  piers. 

822.  Platforms  of  Bfidges. — ^The  platform  of  a  bridge  consists  of 
the  cross-girders,  longitudinal  or  rail  bearers,  road  plates,  wind- 
bracings,  Ac.  Of  late  years,  %rotight-iron  or  steel  trough 
flooring  has  come  into  use,  and  ^here  this  is  employed,  there  is 
no  necessity  for  ciross-girders  and  longitudinal  bearers. 
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It  is  easier  to  form  some  idea  of  the  -sleight  of  the  flooring  in 
railway  bridges  than  in  road  bridges.  Sir  B.  Baker  estimates  the 
-weight  of  the  flooring  and  wind-bracing  of  a  double  line  of 
railway  bridge  suppoited  by  two  main  girders  as  follows ; — 


TABLE  XCVm. 

• 

Uptai  In  Feet 

Dead  Load  per  Foot 
Ran  of  Platfonn. 

10  to  100 

14cwt«. 

100  to  150 

16    „ 

150  to  200 

16    „ 

200  to  250 

17    „ 

250  to  300 

18    „ 

323.  Method  of  attaching  the  Platfonn.  —  The  platforms  of 
bridges  are  usually  connected  to  the  top  or  bottom  flanges  of  the 
main  girders.  Circumstances  may  sometimes  make  it  advisable 
to  connect  them  to  the  webs,  but  such  cases  are  rare,  and  such  a 
method  is  not  to  be  recommended  if  it  can  be  avoided. 

The  most  economical  aiTangement  for  the  platform  occurs 
when  there  are  several  main  girders  to  each  span,  and  placed  at 
short  distances  Apart  from  each  other.  If  the  distance  between 
their  adjacent  edges  does  not  exceed  5  feet,  and  it  be  advisable 
to  have  an  iron  floor,  a  good  plan  is  to  have  wrought-iron  or 
steel  buckled  or  curved  plates  resting  on  the  top  flanges,  and 
ri vetted  thereto.  With  this  arrangement,  if  the  plates  be 
properly  butted  together  and  covered  with  strips,  they  may,  to 
a  certain  extent,  be  considered  part  of  the  top  flanges  of  the  main 
girders,  thereby  serving  a  double  purpose. 

324.  Different  kinds  of  Floors  for  Bridges.— The  floor  of  a 
bridge  may  be  made  of  wood,  brickwork,  iron,  or  steel.  One  of 
the  most  primitive  methods  consisted  in  laying  timber  planking 
or  flag-stones  on  the  tops  of  the  girders.  Another  method  con- 
sisted in  building  brick  arches  between  the  girders,  the  arches 
resting  on  the  bottom  flanges,  as  explained  in  Art.  313.  Iron 
or  steel  plates,  either  straight,  curved,  buckled,  or  corrugated^ 
resting  on  the  flanges,  have  been  used  instead  of  brick  arches  in 
more  recent  times,  and  possess  the  manifest  advantage  of  not 
adding  so  much  dead  weight  to  the  structure. 

The  great  majority  of  bridges  consist  of  only  two  main  girders 
for  each  span,  and  it  becomes  necessary  to  connect  them  together 
by  a  number  of  cross-girders,  which  may  rest  either  on  their  top 
or  bottom  flanges;  in  the  great  majority  of  bridges  on  the 
bottom  flanges. 
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Wlien  the  distance  apart  of  the  main  girders  is  not  great,  or 
when  the  loads  coming  on  the  bridge  are  small,  the  cross-girders 
may  be  made  of  cast  iron,  or,  preferably,  of  wrought  iron  or  steel 
rolled  girders.  In  bridges  liable  to  heavy  loads,  or  when  the 
distance  between  the  main  girders  is  considerable,  the  cros»- 
girders  should  be  wrought-iron  or  steel  rivetted  girders. 

325.  Distance  apart  of  the  Gross-Girders. — The  distance  apart 
of  the  cross-giyders,  neglecting  exceptional  cases,  varies  between 
3  and  12  feet.  When  the  distance  does  not  exceed  5  feet  the 
arrangement  adapts  itself  for  covering  them  with  timber  flooring 
or  iron  plates.  When  placed  further  than  this  it  will  be  found 
necessary  to  introduce  short  girders  between,  running  longitud- 
inally and  parallel  to  the  main  girders.  These  are  termed  rail- 
bearers  or  road-bearerSf  according  as  the  structure  is  a  raUtoay- 
or  roo^-bridge,  and  the  flooring  rests  upon  them. 

In  railway- bridges,  or  road-bridges  liable  to  heavy  concen- 
trated rolling  loads,  it  is  not  economical  to  have  the  cross-girders 
close  together,  as  each  will  have  to  be  made  strong  enough  to 
carry  a  large  proportion  of  the  rolling  load.  In  a  railway- 
bridge,  for  example,  they  will  have  to  be  made  as  strong,  or 
nearly  so,  when  they  are  placed  3  feet  apart  as  when  they  are 
placed  6  feet.  In  either  case  they  must  be  made  strong  enough 
to  support  a  pair  of  driving  wheels  of  the  engine,  or  in  a  double 
line  of  rails,  two  pairs  of  wheels. 

Take  the  case  of  a  bridge  of  300  feet  span  carrying  a  double 
line  of  railway ;  the  live  load  on  such  a  bridge  would  be  about 
2  tons  per  lineal  foot  for  both  lines.  If  the  cross-girders  be 
placed  3  feet  apart,  the  live  load  coming  on  each  would  be  a 
great  deal  more  than  3x2  =  6  tons.  Each  girder  may  have  to 
support  two  pairs  of  driving  wheels  of  the  engines,  which  may 
amount  to  24  or  even  30  tons.  If  the  cross-girders  be  placed 
6  feet  apart,  the  live  load  coming  on  each  is  practically  the  same 
as  in  the  former  case,  and  the  weight  of  each  girder  will  be  very 
little  more.  From  this  it  will  be  seen  that  the  total  weight  of 
the  cross-girders  will  not  be  much  more  than  half  when  they  are 
placed  6  feet  apart  than  when  they  are  placed  3  feet,  so  that  the 
jsaving  in  the  platform  is  apparent.  It  may  be  more  economical 
atill  to  place  them  12  feet  apart;  in  this  ce»e,  of  coarse,  there 
will  be  the  weight  of  the  rail-bearers  to  take  into  consideration, 
but  the  extra  weight  of  these  will  not  be  so  great  as  the  saving 
of  weight  in  the  cross-girders. 

Generally  speaking,  it  may  be  laid  down  as  a  rule  that,  when 
the  cross-girders  of  a  railway-bridge  are  spaced  at  intervals  less 
than  6  feet,  the  live  load  on  each  will  consist  of  the  heaviest 
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load  on  one  pair  of  wheels  of  the  engine  for  a  single  line,  and 
twice  this  for  a  double  line  of  rails.  When  placed  at  intervals 
of  over  6  feet,  in  addition  to  this  load,  there  will  be  a  proportion 
of  the  loads  on  the  other  wheels  to  be  taken  into  account,  and 
this  proportion  will  increase  with  the  distance  apart  of  the 
cross-girders.  For  example,  suppose  the  distance  apart  of  the 
cross-girders  to  be  12  feet,  and  the  engine  to  be  supported  on 
three  pairs  of  wheels,  the  axles  of  which  are  6  feet  apart.  If 
the  weight  on  the  leading  wheels  be  8  tons,  that  on  the  driving 
wheels  15  tons,  and  that  on  the  trailing  wheels  9  tons,  the 
maximum  rolling  load  on  each  girder  will  be  15  +  ^  (8  +  9) 
=  23-6  tons. 

The  economy  of  placing  the  cross-girders  far  apart  only  applies 
in  a  modified  degree  to  road-bridges,  as  in  such  bridges  the  dead 
weight  of  the  roadway  is  a  considerable  part  of  the  total  load. 

The  following  Table*  shows  the  relative  economy  of  cross- 
girders  placed  3  feet  and  12  feet  apart  in  railway  bridges  : — 


TABLE  XCIX. 

Span. 

Total 
Load  on 
Girders. 

Net  area 

of  Bottom 

Flange. 

Qirden 

Weight 
per  Foot 
Bun  of 
Bridge. 

Single  Line. 
Cross-girders,  3  feet  apart,  . 
Cross-girders,  12  feet  apart, 
Longitudinal  rail-girders,    . 

Double  Line. 
Cross-girders,  3  feet  apart, . 
Cross-girders,  12  feet  apart. 
Longitudinal  rail-girders,    . 

Ft 
14 
14 
12 

25-6 
25-6 
12 

Tons. 
17-26 
29-35 
19-64 

35*00 
68-64 
38-64 

Sq.In& 

6-3 

10-93 

10-8 

11-4 
19-2 
21-6 

Lbs. 
1,206 
1,700  1 
1,618  i 

3,664 

4,704) 

3,026$ 

Lbfl. 
402 

268-2 

1,218 
645 

326.  Intermediate  Bearers.— The  longitudinal  rail-bearers  or 
stringers,  as  they  are  sometimes  called,  are  small  girders  which 
run  in  a  direction  parallel  to  the  main  girders  of  the  bridge. 
They  either  rest  on  the  cross-girders,  to  which  they  are  attached. 


♦  Traru,  Inst,  of  CS.,  Ireland,  vol.  viii.,  1866. 
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or  fit  in  between  tbem.  In  the  latter  case  their  tops  are  usoallj 
made  flush  with  the  tops  of  the  cross-girders.  In  road-bridges 
the  distance  apart  of  the  bearers  depends  on  the  kind  of  floor 
used.  When  the  latter  consists  of  flat,  curved,  or  buckled 
plates,  the  distance  will  vary  between  3  and  5  feet.  In  railway 
bridges  the  bearers  are  placed  underneath  the  rails,  and  are  5 
feet  apart.  In  this  case  the  greatest  load  to  which  they  are 
liable  is  the  weight  of  the  driving  wheel  of  the  engine  resting  on 
the  centre.  This  may  amount  to  as  much  as  8  tons.  When  they 
rest  on  the  cross-girders  they  may  be  made  continuous  and, 
therefore,  much  lighter,  especially  in  road-bridges. 

327.  Roadway-Timber  Flooring. — Timber  flooring  without  any 
ballast  is  often  used  for  foot-bridges  and  sometimes  for  private 
road-bridges.  The  usual  thickness  of  planking  employed  varies 
from  2^  to  4  inches,  and  the  supports  on  which  it  rests  should 
be  placed  at  distances  varying  from  3  to  6  feet  apart. 

In  foot-bridges  where  the  main  girders  are  not  more  than  4 
feet  6  inches  centres,  the  planking  may  be  laid  transversely  with 
the  length  of  the  bridge,  the  ends  resting  on  the  bottom  flanges 
of  the  girders  and  bolted  thereto. 

A  better  plan,  however,  and  one  that  is  applicable  no  matter 
what  distance  apart  the  ma,in  girders  may  be,  is  to  lay  the  plank- 
ing longitudinally  with  the  bridge  and  allow  it  to  rest  on  cross- 
bearers,  or  cross-girders,  which  are  attached  to  the  bottom 
flanges  of  the  main  girders.  These  cross-bearers  in  foot- 
bridges up  to  8  feet  wide  may  consist  of  suitable  wrought- 
iron  or  steel  T-bars  suspended  by  bolts  or  rivets  to  the 
main  girders,  and  placed  not  further  apart  than  6  feet.  Holes 
are  punched  at  intervals  along  the  backs  of  the  bearers  for  the 
purpose  of  bolting  the  planking.  With  this  arrangement  each 
plank  may  extend  over  three  or  four  bays,  and  this  continuity 
adds  materially  to  the  strength  of  the  floor.  When  the  main 
girders  are  further  apart  than  8  feet,  rolled  beams  or  rivetted 
girders  should  be  used  for  cross-girders.  A  good  method  of 
giving  lateral  stiflhess  to  the  main  girders  arranged  on  this  plan 
is  to  prolong  every  third  or  fourth  cross-bearer  beyond  the  sides 
of  the  main  girders  and  to  introduce  a  raking  strut,  which  may 
be  of  angle-  or  tee-section,  this  strut  being  rivetted  both  to  the 
girder  and  the  cross-bearer. 

Timber  flooring  should  not  be  relied  upon  to  resist  the  hori- 
zontal lateral  stresses  on  the  bridge  produced  by  wind-pressure. 
To  provide  for  this,  bars  of  wrought  iron  arranged  diagonally 
should  be  bolted  or  rivetted  to  the  main  girders  and  cross-bearers^ 
and  continued  the  whole  length  of  the  platform. 
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Timber  flooring  may  be  used  for  railway  bridges  when  it  is; 
desirable  to  keep  the  first  cost  as  low  as  possible,  though  it 
cannot  be  recommended  for  first-class  structures.  The  sketch, 
shown  in  fig.  237  represents  a  common  arrangement.  The  croscK 
girders  should  be  placed  about 
4  feet  apart,  and  upon  these 
are  laid  longitudinal  timber 
sleepers   about    12   inches  by 

6   inches,  to  which  they  are      

attached  by  angle  plates  and  Fig.  237. 

bolts.  Between  the  sleepers, 
and  at  either  side,  longitudinal  planks  from  3  to  4  inches  in  thick- 
ness are  laid,  and  bolted  to  the  cross-girders.  It  is  customary 
to  place  a  layer  of  ballast,  preferably  of  ashes,  on  account  of 
its  lightness,  to  a  depth  of  about  3  inches  over  the  whole  sur- 
face of  the  platform,  so  sa  to  prevent  the  timber  being  ignited* 
by  sparks  from  the  engine.  In  this  case  the  planks  should  be- 
close-jointed  to  prevent  the  ballast  falling  through.  When  there- 
is  no  ballast  there  is  no  necessity  for  this,  and  it  is  advisable  to- 
lay  the  planks  with  spaces  between  them  of  from  |  to  |  inch^  so 
that  water  may  the  more  easily  escape. 

328.  Iron  Flooring. — ^The  floor  of  a  bridge  when  made  of  iroa 
or  steel  may  be  constructed  in  the  following  ways : — 

1.  Cast-iron  plates. 

2.  Wrought-iron  or  steel  plates,  flat  or  curved. 

3.  Buckled  plates. 

4.  Corrugated  flooring. 

Cast-iron  Flooring  Plates, — When  the  floors  of  road-bridges  are 
made  of  cast-iron  plates,  they  may  be  bolted  to  the  top  flanges  of 
the  cross-girders  or  longitudinal  bearers.  They  are  usually  made 
square,  about  3  or  4  feet  on  the  side,  and  have  stiffening  ribs 
cast  diagonally  on  the  upper  surface,  and  vertical  flanges  at  the 
sides  for  bolting  to  each  other.  The  thickness  depends  upon  their 
size  and  the  loads  coming  on  them,  and  usually  varies  between 
I  and  1  inch.  After  being  laid,  they  are  levelled  up  with 
concrete  to  the  tops  of  the  ribs,  which  are  from  3  to  4  inches 
deep.     On  the  concrete  is  laid  the  road  metalling. 

Wrought'Iron  and  Steel  Flooring  P/a^e^.— Wrought-iron  and 
steel  road-plates  may  be  either  flat  or  curved.  They  are  rectan- 
gular in  form,  usually  from  3  to  5  feet  on  the  side,  and  from 
-^^  inch  to  I  inch  in  thickness.  They  may  be  rivetted  to  the 
flanges  of  the  main  girders,  cross-girders,  or  longitudinal  bearers, 
as  the  case  may  be.     They  are  much  stronger  in  the  curved  form,^ 
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and  in  such  case  their  haunches  are  levelled  up  to  the  crown 
with  concrete,  on  which  the  road  metalling  is  laid.  The  plates 
may  be  bent  cold  by  pressing  them  through  rolls  to  give  them 
the  requisite  curvature,  and  then  flanged  at  the  edges. 

This  flanging  may  be  done  cold  in  a  press,  care  being  tak^n 
that  the  line  of  curvature  of  the  plate  is  in  the  direction  of  the 
flbre  of  the  iron ;  if  not,  the  plate  is  liable  to  be  cracked  in  the 
process  of  flanging. 

The  rise  of  the  crown  for  plates  4  feet  span  usually  varies 
l)etween  li  and  4  inches;  the  greater  the  curvature  the  stiffer 
the  plate.  When  the  plates  are  laid  on  girders  or  bearers,  the 
latter  ought  to  be  tied  or  braced  together  to  .prevent  them 
spreading  laterally  under  a  passing  load. 

For  good  work  the  edges  of  the  road-plates  should  be  planed, 
so  that  they  may  butt  evenly  together;  the  joint  between  two 
plates  may  be  covered  with  a  single  flat  strip  or  tee-bar  placed 
on  the  top  side  and  rivetted  thereto.  This  is  sufficient  for  curved 
plates.  For  flat  plates  a  double  flat  strip  or  one  strip  and  one 
tee-bar  are  often  used,  one  being  placed  above  and  the  other 
underneath  the  plates,  the  whole  being  rivetted  together. 

329.  Strength  of  Wrought-Iron  Flat  Road-Plates.— With  a  flat 
plate  supported  on  two  parallel  edges,  but  not  fastened  thereto, 
the  bending  moment  exerted  by  a  load  placed  on  it  is  the  same 
as  that  produced  on  a  beam  of  the  same  span  similarly  loaded. 
When  the  plate  is  rivetted  along  its  four  edges  to  the  bearings 
the  bending  moment  is  much  less ;  but  it  is  not  easy  to  deter- 
mine theoretically.  Ptof.  Rankine*  gives  the  following  rules 
for  determining  this  bending  moment,  which  must  only  be  con- 
sidered as  approximately  correct : — 

'<  Let  W  denote  the  total  load. 

/,  the  length  of  the  plate,  between  the  supports  of  its 

ends. 
by  its  breadth,  between  the  supports  of  its  side  edges. 
M,  the  greatest  bending  moment. 

Case  I. — Square  plate,  load  uniformly  distributed — 

M=-j.^-        ....         (1). 

Case  II. — Square  plate,  load  collected  in  the  centre — 

mr     3W6 

M  =  -T6-     .        ...        12). 

*  Kanklne*8  CivU  £ng,,  p.  544. 
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Case  III. — Oblong  plate,  load  uniformly  distributed — 

^-8(i^TF)      •      •      •      (')• 

Case  I Y. — Oblong  plate,  load  collected  in  the  centre ;  I  less 
than  1-19  b— 

Case  V. — Oblong  plate,  load  collected  in  the  centre ;  I  equal 
to  or  greater  than  1*19  b — 

M  =  rr"       ....         (5), 

being  the  same  as  for  a  plate  supported  at  the  side  edges  only. 

Case  VI. — Circular  plate,  of  the  diameter  5,  supported  all 
round  the  edge,  load  uniformly  distributed — 

M='^  =  -053W6      .        .        (6). 

Case  YII. — Circular  plate,  load  collected  in  the  centre— 

M  =  ^  =  -159W6       .        .        (7).'^ 

Curved  plates  rivetted  at  their  edges  resemble  arches  in  the 
direction  of  the  curvature ;  in  the  other  direction  they  resemble 
flat  plates. 

It  is  always  advisable  to  have  a  large  margin  of  strength  in 
wrought-iron  or  steel  flooring  plates,  as  in  time  they  sufler  con- 
siderable deterioration  through  rusting. 

330.  Buckled  Plates.— Buckled  plates  are  the  invention  of 
Mr.  Mallet ;  they  are  dish-shaped  in  form,  and  have  a  flat  rim 
round  the  four  edges ;  they  may  be  square  or  oblong.  They  are 
foimed  from  ordinary  flat  plates  by  blocking  them,  when  hot, 
between  a  pair  of  suitable  dies.  They  form  a  very  strong  and  at 
the  same  time  light  roadway.  They  usually  vary  between  A- 
.  and  f  inch  in  thickness,  though  in  special  cases  they  are  made 
thicker.  Like  ordinary  flat  or  curved  road-plates,  they  are 
rivetted  to  the  girders  or  bearers  of  the  bridge,  but  unlike 
ordinary  bent  plates  they  do  not  exert  any,  or  very  little,  out- 
ward thrust  when  loaded,  so  that  it  will  not  be  necessary  to  tie 
the  bearing  girders  together.  The  joint  where  two  plates  butt 
together  should  be  covered  with  a  tee-bar ;  this  strengthens  the 
plates  at  their  weakest  part 
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33L  Strength  of  Backled  Plates.— A  buckled  plate  rivetted 
dowD  to  its  bearings  all  round  the  edges  is  twice  as  strong  as  the 
same  plate  merely  resting  on  its  supports.  The  strength  of  a 
square  buckled  plate  varies  directly  as  its  thickness  and  in- 
versely as  its  bearing.  From  experiments  made,  it  was  found 
that  a  buckled  plate  3  feet  square,  made  of  ordinary  Staffordshire 
iron  i  inch  thick,  and  with  a  rise  at  the  crown  of  1|  inches,  and 
a  fillet  of  2  inches  wide  all  round,  required  9  tons  spread  over 
half  the  area  of  the  crown  to  cripple  it  down  when  it  merely 
rested  on  its  edges.  When  it  was  rivetted  down  it  required  a 
weight  of  18  tons  to  cripple  it.  A  similar  plate  of  puddled  steel 
bore  35  tons  under  similar  conditions,  but  the  quality  of  this  steel 
must  have  been  better  than  that  ordinarily  used  for  bridge-work. 

Table  C.  *  gives  some  useful  information  about  buckled  plates. 
.  332.  Patent  Troughs  and  Corrugated  Flooring.  —  The  intro- 
duction of  trough  flooring,  both  for  bridges  and  warehouses,  is 
of  comparatively  recent  origin.  Two  features  of  merit  possessed 
by  this  system  are — (1)  It  produces  an  even  distribution  of  the 
load  on  the  main  girders  instead  of  a  series  of  concentrated  loads 
at  the  points  of  application  of  the  cross-girders ;  (2)  It  dispenses 
with  the  necessity  of  cross-girders  and  bearers,  and  its  small 
depth  gives  increased  head*room,  which,  in  many  cases,  is  an 
important  consideration.  Many  systems  of  trough  flooring  have 
been  patented  within  the  last  few  years,  the  best  known  of 
which 

Idndsaj/s  Patent  Troughs, 

Westwood  <b  JBaillie^s  Corrugated  Flooring, 

IIob8on*s  Patent  Flooring, 

Besides  these,  other  forms,  which  are  not  patented,  are  used  a 
great  deal. 

333.  Lindsay's  Patent  Troughs.— Fig.  238  represents  a  cross- 
section  of  one  of  Lindsay's  troughs ;  these  are  made  of  mild  steel 
capable  of  sustaining  an  ultimate 
tensile  stress  of  not  less  than  30 
tons  per  square  inch,  with  an  elon- 
gation of  20  per  cent.  The  main 
advantage  of  flooring  of  this  kind 
is,  that  no  cross-girders  or  bearers 
of  any  kind  are   required.      The 

troughing  rests  on,  and  is  rivetted        '  Mg.  238. 

to  the  top  or  bottom  flanges  of  the  ij^ 

main  giwler,  or  to  an  angle-iron  rivetted    to   the  veo. 
•  Thexyry  qfStradiu,  by  B.  B.  Stoney, 
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following  advantages  are  claimed  by  this  system  in  a  circular 
issued  by  the  patentees : — 

''The  improvements  consist  in  utilising  rolled  sections  of 
splayed  channel  steel  so  that  the  top  table  shall  be  thicker  than 
the  sides,  in  order  to  approach  the  theory  of  the  girder  principle 
as  much  as  possible,  by  which  means  the  metal  is  taken  away 
from  the  web  and  added  to  the  flanges,  thereby  increasing  the 
sectional  strength  of  the  trough,  and  producing  a  greater  moment 
of  resistance  over  a  floor  which  is  composed  of  an  uniform  thick- 
ness of  plate,  without  increasing  the  weight  of  steel  to  the  square 
foot  of  area  to  be  covered. 

"  The  cost  of  manufacture  is  reduced  to  a  minimum  by  rivet- 
ting  the  trade  rolled-sections  together  with  a  single  row  of  rivets, 
at  such  a  point  in  the  section  where  the  strain  is  almost  neutral. 

"  The  strength  of  the  decking,  when  rivetted  together,  is  con- 
siderable. Each  trough  may  be  treated  as  a  girder,  but  then 
each  girder  is  connected  to  its  fellow ;  thus,  when  the  weight  is 
applied,  say  on  one  trough,  it  cannot  deflect  without  dragging  on 
the  adjoining  troughs  for  some  distance  from  the  point  of  weight. 
Ail  the  sections  from  O  to  D  have  been  carefully  designed  and 
investigated." 

The  student  will  not  have  much  difficulty  in  determining  the 
strengths  of  the  different  sections  of  this  flooring.  Take  the 
oase  of  section  D  for  example;  here  the  eflective  flange  area, 
which  includes  part  of  the  web,  is  9*36  square  inches ;  the  eflec- 
tive depth  is  10  inches ;  and,  taking  the  working  stress  on  the 
steel  as  7  tons  per  square  inch,  we  get  the  safe  working  moment 
of  resistance  =  7  x  9*36  x  10  =  655*2  inch-tons. 

The  moments  of  resistance  of  the  other  sections  may  be  found 
in  the  same  way,  and  are  given  in  conjunction  with  the  sections 
in  the  table.  By  equating  these  expressions  to  the  bending 
moments,  the  safe  working  loads  that  the  diflerent  sections  of 
troughing  will  carry  may  be  found  for  different  spans. 

Take  the  case  of  a  single  line  of  railway;   the  span  of  the 

trough  for  this  will  be  about  16  feet.     If  the  distance  apart  of 

each  pair  of  wheels  of  a  locomotive  be  6  feet  6  inches,  then  for  a 

78 
trough  of  the  maximum  section  C,  there  will  be  2r7r  =  3*9  troughs 

to  support  the  load  on  a  pair  of  wheels.  This  section,  as  will  be 
seen  by  referring  to  the  table,  has  a  safe  moment  of  resistance  of 
203*6  inch-tons ;  henoe,  203*6  x  3*90  =  794*07  inch-tons,  which, 
represents  the  safe  moment  of  resistance  of  the  troughing  which, 
supports  a  pair  of  wheels. 

If  W  «  weight  on  each  wheel,  then  (see  ^g.  239)  66  W  »  794-07 
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=  bending  moment  on  the  flooring  which  supports  a  pair  of 
wheels;  the  span  being  16  feet. 

TABLE  GL— Lindsay's  Steel  Troughs. 


Sicnoir. 

•at 

II 

6-| 

|f 

ll 

II 

1 

g5 

In. 

In. 

In 

In. 

Id. 

In. 

Lbfl. 

0.  Mazimum, 

4-0 

120 

4-0 

A 

A 

15-5 

43-80 

0.  Minimum, 

4-0 

12-0 

4-0 

A 

13-0 

37-30 

A.  Maximum, 

4-6 

140 

50 

A 

1916 

65-22 

A.  Minimum, 

4-6 

140 

5-0 

A 

160 

63-42 

Bw  Maximum, 

6-0 

16-0 

60 

25  05 

113-34 

B.  Minimum, 

6-0 

160 

6-0 

21-60 

100  35 

G.  Maximum, 

6-0 

200 

7-0 

27-10 

203-61 

G.  Minimum, 

6-0 

20  0 

7-0 

A 

22-40 

156-94 

D.  Maximum, 

9-0 

320 

120 

34-83 

655-20 

D.  Minimum, 

9-0 

320 

120 

A 

25-82 

601-13 

^^^^ 


From  this  equation  we  get  W=12  tons,  the  weight  on  each 
wheel.  The  weight  on  each  driving  wheel  of  a  locomotive  does 
not,  as  a  rule,  exceed  7-5  or  8  tons,  and  if 
the  proportionate  dead  weight  of  the  floor- 
ing be  taken  at  2  tons,  there  will  be  a  total 
weight  of  9  tons  at  each  point,  from  which 
it  will  be  seen  that  the  section  gives  a  con-  Fig.  239. 

siderable  margin  of  strength. 

When  the  maia  girders  are  from  14  to  15  feet  apart,  the  B 
maximum  section  is  sufficiently  strong  for  the  above  loads.  If, 
as  before,  6  feet  6  inches  be  teJcen  for  the  wheel  base,  we  get 
78 


16 


4*875  troughs,  the  safe  moment  of  resistance  of  which 


s=  113*34  X  4-875  =  552*53  inch-tons.    Supposing  the  main  girders 
to  be  14  feet  apart^  there  is  a  leverage  of  54  inches  between  the 
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load  and  the  bearing;  hence  the  safe  load  on  each  XFheel  =» 

552'53 

— ^j —  =  10-23  tons,  an  excess  over  what  is  required,  viz.,  9*5  tons. 

It  will  be  noticed  in  the  above  calculations,  that  it  is  assumed 
that  not  only  the  particular  trough  immediately  underneath  the 
load,  but  also  those  contiguous  to  it,  do  their  full  share  of  work 
in  assisting  to  support  the  load,  that  in  effect  each  trough  is 
strained  to  the  same  extent.  This  in  theory,  perhaps,  may  be 
-correct,  but  whether  it  is  so  actually  is  doubtful ;  it  is  more 
likely  that  the  trough  immediately  underneath  the  load  is 
exposed  to  greater  stresses  than  those  near  it,  but  as  to  how 
much  the  stresses  differ,  can  only  be  determined  by  actual 
experiment.  It  will  be  well,  therefore,  to  allow  a  someivhat 
greater  margin  of  safety  than  that  above  indicated,  more 
especially  as  the  working  stress  of  7  tons  is  rather  high.  When 
the  floor  of  a  bridge  is  uniformly  loaded,  this  unequal  straining* 
does  not  occur. 

Distributed  Load — 

Let  I  =  span  in  inches. 

R  =  resistance  of  section  of  one  trough. 
W  =  distributed  load  on  each  trough,  in  tons. 

ThenW=<-p 

For  example,  find  the  safe  distributed  load  which  the  maxi- 
mum section  B  will  sustain  for  a  span  of  15  feet. 

11=113-34,         Z  =  180  inches. 

^     8x113-34      ...  , 

A  floor  made  of  this  section  of  troughing,  with  a  span  of  15 

5-04  X  -2240 
feet,  will  carry  with  safety  -^....5 — tr-  =  564-5  lbs.  per  square 

l*»)o  X  ID 

foot  of  surface. 

The  section  D  maximum  has  been  designed  by  the  patentees 
to  carry  with  safety  a  double  line  of  railway  between  two  main 
girders.  Its  weight  per  square  foot  of  area  covered  is  34*83  lbs., 
and  its  safe  sectional  resistance  655*2  inch-tons. 

The  weight  coming  on  a  pair  of  wheels  of  the  locomotive  may 
be  taken  to  be  spread  over  2i  troughs,  whose  moment  of  resist- 
ance =  655-2  X  2-5  =  1638  inch-tons. 

By  referring  to  fig.  239,  it  will  be  seen  that  the  centre  of 
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gravity  of  each  pair  of  driving  wheels  from  the  adjacent  girder 
is  7  feet  6  inches.  If  two  engines,  one  on  each  line,  rest  on  the 
bridge  side  by  side,  and  if  W  =  load  on  each  pair  of  wheels,  then 

Wa=-^— -  =  18'2  tons,  which  is  equivalent  to  about  9  tons  oa 

each  wheel ;  this,  of  course,  must  include  the  proportionate  dead 
weight  of  the  floor  as  well. 

Messrs.  Lindsay  &  Co.  recommend  this  section  for  road  bridges 
of  30  and  35  feet  span  without  the  use  of  main  girders,  the 
troughing  resting  on  each  abutment,  but  a  light  parapet  of 
corrugated  or  plate  iron  will  be  required. 


CHAPTER    XXVI. 
BRIDGES — continued. 

Suspension  Bridges. 

334.  BefmitioiL — A  auapension  bridge  is  one  in  which  the  platfof*^ 
is  suspended  from  cJiainSy  which  pass  (yoer  towers  erected  on  the 
piers  and  abiUments,  and  the  ends  of  which  a/re  anchored  to  tlie 
ground. 

When  a  flexible  chain  of  uniform  weight  per  unit  of  length  is 
suspended  at  both  ends,  and  allowed  to  hang  freely,  it  assumes 
a  curve  which  is  known  as  the  catenary.  In  uniformly  loaded 
suspension  bridges,  the  load  is  uniformly  distributed  with  refer- 
ence to  a  horizontal  line,  and  the  curve  which  a  chain  thus 
loaded  assumes  is  a  parabola. 

In  the   simplest  form  of  suspension  bridge,  the  platform  w 
hung  from  the  chain  by  a  series  of  vertical  rods  placed  at  equal 
distances    from  each  other.     The  load  may  then  be  treated  as 
hanging    directly   jfrom    each     point   in  the    chain  where    the 
suspending  rods  are  attached.      If  the  loads  be  all  equal  to  eacti 
other,  the  form  the  chain  will  assume  will  be,  as  already  statea, 
a  parabolic    curve.     If  the  loads    be   different  the   chain   wui 
assume  an   irregular  curve,  the    form  of  which  may  be   easily 
found  by  the  following  graphical  method : — 

Take  the  vertical  line  A  H  (fig.  240),  drawn  to  scale,  to  ^^V^^ 
sent  the  total  load  suspended  from  the  chain  shown  in  ng-  -«5*i.. 
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Set  off  A  B,  B  C,  0  D,  —  G  H,  to  represent  the  loads  suspended 
from  each  point  of  the  chain  in  succession,  reckoning  from  lefb 
to  right.  Let  A  Oj,  H  Oj  represent  the  vertical  components  of 
the  loads  coming  on  the  points  of  suspension  a  and  b,  which  can 
be  readily  found  by  the  principle  of  moments.  Draw  the  hori- 
zontal line  Oj  O  to  represent  the  horizontal  component  of  the 
tension  which  it  is  desired  to  place  on  the  chain ;  this  line  will 
represent  the  actual  tension  on  that  point  of  the  chain,  thd 
tangent  to  which  is  horizontal. 


mw^ 


660 

Fig.  240.  Fig.  241. 

By  joining  0  A,  O  B,  O  0,  -  -  -  O  EI,  these  lines  will  represent, 
both  in  direction  and  magnitude,  the  tensile  forces  acting  on 
each  portion  of  the  chain  taken  in  succession.  In  ^g,  241,  a  and 
b  are  the  points  from  which  the  chain  is  suspended,  the  vertical 
lines  in  the  figure  representing  the  positions  of  the  loads. 
Draw  a  x  parallel  to  0  A,  a;  a;^  parallel  to  0  B,  and  so  on.  The 
curve  so  formed  will  represent  the  form  the  chain  will  assume 
under  the  conditions  above  specified. 

If,  instead  of  assuming  a  certain  horizontal  tension  on  the 
chain  and  then  finding  from  this  the  form  it  assumes,  we  have 
given  the  maximum  dip  or  versine,  then  the  horizontal  component 
of  the  tension  may  be  found.  For  if  w^,  w^  «7g,  -  -  -  represent 
the  vertical  loads  at  the  various  points  distant,  Xj,  x^  x^  <&c.,  from 
one  of  the  points  of  suspension ;  then,  approximately, 

Sh  =  — ^        ....       (1). 

Where  Sh  =  horizontal  component  of  the  tension  at  any  point, 
d  s  versine  of  the  chain. 

If  the  form  assumed  by  a  chain  be  given,  and  it  be  required 
to  determine  the  loads  acting  at  the  (Afferent  points  which  will 
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produce  this  form^  the  problem  will  be  the  converse  of  that 
already  given,  and  may  be  solved  thus — 

From  the  point  O,  fig.  240,  draw  a  series  of  lines  parallel  to 
the  different  segments  of  the  chain  and  meeting  a  vertical  line 
A  H,  taken  at  any  convenient  distance  from  O,  at  the  points 
A,  B,  C,  -  -  -  n.  The  vertical  loads  required  to  keep  a  chain 
of  such  a  form  in  equilibrium  will  be  proportional  to  the  lines 
AB,  BC,  CD, GE. 

When  a  uniform  load  is  distributed  along  the  roadway  of  a 
bridge,  the  main  chains  will  form  a  parabolic  curve.  When  a 
moving  load  passes  over  the  bridge  the  curve  which  the  chains 
assume  changes  with  each  position  of  the  load,  if  the  bridge  be 
not  stiffened. 

In  fig.  242,  if  half  the  span  a  c  be  supposed  to  be  covered  with 
a  uniform  load,  while  the  other  half  has  no  load  whatever,  the 
curve  of  equilibrium  for  the  left  half,  adc^  would  be  a  parabola, 
and  that  for  the  right  half  a  straight  line  c6,  and  the  chain 
theoretically  would  assume  the  form  a  deb. 

It  is  unnecessary  to  say  that  in  practice  chains  never  assume 
the  form  of  straight  lines,  and  in  the  case  under  consideration 
the  actual  curve  of  the  chain  would  be  very  different  to  that 
mentioned  on  account  of  the  dead  weight  of  the  bridge  and  the 
Btifihess  produced  by  the  bracing. 


V4 


Fig.  242.  Fig.  243. 

335.  Chain  Uniformly  Loaded.— The  chain  a 05  (fig.  243), 
suspended  at  the  points  a  and  6,  is  supposed  to  be  uniformly 
loaded. 

Let  ^=span, 

b  =  versine  or  depth, 

^  =  uniform  load  per  unit  of  span. 

Let  So  =  stress  at  0,  the  apex  of  the  parabola. 

S,  =  stress  at  a  point  A,  whose  horizontal  distance  from 
O  is  X. 
tfs=  angle  which  the  tangent  at  A  makes  with  the  hori- 
zontal; 

then  So  =  -gj        .        .        .        (2). 
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AC  is  the  tangent  at  A,  meeting  the  tangent  at  O  at  the 
point  0.     B  0  is  the  horizontal  component  of  the  tension  at  A, 

and  remains  unaltered  for  all  points  on  the  curve,  being  =  -7-^. 

A  B  is  the  vertical  component  of  the  tension  at  A ;  this  is 
equal  to  the  sum  of  the  loads  between  A  and  O;  or  the  vertical 
component  of  stress  at  A 

=  AB  =  «7aj  ....        (3). 
The  direct  tension  at  A  =  A  C,  or 

S,=AC  =  BCsectf=So8ectf    .        ..      (4). 


Also  A  C  =  ^  (B  0)2  +  (A  Bf. 
Substituting,  we  get — 


«-v®' 


+  (w  x)^ 


(•3). 


336.  Method  of  Attaching  the  Mam  Chains  to  the  Piers. — 
Fig.  244  represents  a  suspension  bridge  of  one  span,  ach  is 
called  the  main  or  central  chain,  a  d  and  b  c  are  the  side  or 
counter  chains,  a  A  and  b  B  are  the  towers  or  piers.  The  chain, 
passes  over  the  piers,  and  is  anchored  to  the  ground  at  d  and  «. 


Fig.  244. 


There  are  two  methods  by  which  the  chains  may  be  carried 
over  the  towers  : — 

(1)  The  main  and  counter  chains  may  be  in  one  continuous 
ItQKjth,  and  pass  over  pulleys  fixed  to  the  tops  of  the  piers. 

(2)  The  main  and  counter  chains  may  be  independent  chains, 
the  ends  of  each  being  faatened  to  the  top  of  the  tower. 

The  stresses  on  the  counter  chains  and  the  pressures  on  the 
piers  are  different  according  to  which  of  these  arrangements  ia 
adopted. 

First  Case, — When  the  chain  passes  over  pulleys  fixed  on  the 
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piers,  the  tensions  on  the  chains  at  each  side  of  the  pier  will  be 
the  same,  whether  their  angles  of  inclination  be  the  same  or  not. 
"When  the  angles  of  inclination  are  the  same,  the  external  preSi- 
sure  on  the  pier  will  be  vertical.  If  the  angles  of  inclination  be 
not  equal  there  will  be  a  horizontal  component  to  the  pressure 
on  the  pier  tending  to  turn  it  over  in  the  direction  of  the  chain 
whose  angle  of  inclination  to  the  horizontal  is  least.  The 
amount  and  direction  of  the  pressure  on  the  pier  may  be  repre- 
sented both  graphically  and  analytically  thus — 

Graphic  Solution. — Draw  the  tangent  a  a^  to  the  centre  chain 
at  the  f)oint  a,  making  aa'^^=^  tension  on  the  chain  at  this  x>ointy 
as  found  by  the  method  already  explained.  Produce  da  to  a^ 
making  a  a2  =  a  a^ ;  aa2will  then  represent,  both  in  magnitude 
and  direction,  the  tensile  stress  on  the  counter-chain.  Complete 
the  parallelogram  aoj^a^ a^.  The  diagonal  a a^  will  represent^ 
both  in  magnitude  and  direction,  the  pressure  on  the  tower.  By 
drawing  the  horizontal  line  a^  a^,  meeting  the  vertical  through 
a  at  a^,  we  get — 

Og  0^  =  horizontal  component  of  the  pressure  on  the  pier, 
a^  a  =  vertical  „  „ 

When  this  arrangement  is  adopted,  sufficient  stability  should 
be  given  to  the  pier  to  resist  the  turning  moment. 
Analytical  Solution — 

Let  i  =  angle  of  inclination  to  the  horizontal  of  both  chains, 
T  =  tension  on  the  chains. 
It  =  vertical  pressure  on  the  pier, 

R  =  2Tsini    ....         (6). 

Now  as  T  =  So  sec  i,  by  substitution,  we  get — 

R  =  2  So  tan  i  =  wL 

That  is,  the  vertical  pressure  on  each  pier  is  equal  to  twice  the 
weight  of  the  portion  of  the  bridge  between  the  pier  and  the 
lowest  point  of  the  curve. 

Second  Case. — When  the  ends  of  the  centre  chain  and  counter 
chain  are  fastened  to  the  pier,  or  to  a  saddle  free  to  slide 
horizontally  on  the  pier,  the  resultant  pressure  on  the  pier 
will  always  be  vertical,  no  matter  what  the  inclinations  of  the 
chains.  The  tension  on  both  chains  will  be  the  same  when  their 
angles  of  inclination  are  the  same,  tut  will  be  difterent  when  the 
angles  vary,  though  the  horizontal  components  of  the  tensions 
will  be  the  same. 


Digitized  by 


Google 


448 


BRIDGES. 


Produce  the  tangent  at  5  to  5^  (fig.  244),  making  bb^^  stress  on 
the  main  chain  at  6.  Through  b^  draw  6^  b^  parallel  ix>  b  e, 
meeting  the  yertical  through  b  at  the  point  b^  ;  then 

b,  b.2  » tension  on  the  counter  chain, 
0  &2  =  pressure  on  the  pier. 


Xiet  So  =  horizontal  com]X)nent  of  tension  on  each  chain, 
Sj  =:  actual  tension  on  centre  chain  at  b, 
82=     „  „         counter  chain    „ 

t  =  angle  of  inclination  of  centre  chain  at  b, 
ii=     n  99  counter  chain  „ 


8i  =  Sosect.  .        ,         .         (7). 

83  =  So  sec  t\.        .         .        .        (8). 

R  =  Sj  sin  i  +  S2  sin  *i  =  S©  (tan  i  +  tan  i^), 
where  R  =  vertical  pressure  on  the  pier. 

337  Stresses  on  Suspending  Bods.— If  there  be  n  equal  spaces 
made  by  the  suspending  rods,  then 

Tension  on  each  rod  =  rt-7 =-.    .         .       (9). 

2(n-l)  ^  ' 

where  ie7= distributed  load  per  unit  of  length, 
^=span. 

338.  Suspension  Bridge  with  Sloping  Bods,  Dredge's  System. — 
Fig.  245  represents  a  suspension  bridge,  the  platform  of  which  is 
hung  from  the  main  chains  by  means  of  parallel  sloping  rods 


Fig.  245. 


Fig.  246. 


making  an  angle,  7,  with  the  verticaL  The  curve  formed  by  the 
chain  in  the  case  of  uniform  loading,  consists  of  two  parabolas 
with  a  common  vertex,  c,  which  have  their  axes  parallel  to  the 
respective  systems  of  suspending  rods. 

The  principal  difference  between   bridges  of  this  class  and 
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those  with  vertical  suspension  rods,  is  that  with  the  latter  the 
platform  is  not  exposed  to  any  longitudinal  stresses  arising  from 
the  vertical  load,  while  with  inclined  suspension  rods  a  series  of 
longitudinal  stresses  are  developed,  which  vary  in  intensity  in 
different  parts  of  the  platform. 

Let  a  —  length  of  each  hay  of  platform, 
w  =  load  per  unit  of  length ; 
Then  wa  =^  weight  suspended  from  the  end  of  each  rod. 

Tensile  stress  on  each  rod  is 

^  =  10  a  sec  7.      .        .        .        (10). 

Horizontal  component  of  stress  on  each  rod  is 

t  sin  y  ^  wa  tan  y,         •         •         (11). 

This  will  represent  the  increment  of  stress  developed  in  the 
horizontal  member  at  its  junction  with  each  suspending  rod. 
Tension  on  chain  at  c  is 

T=||-esin7..        .        .        (12). 

Tension  at  any  other  point  is 

Ti  =  irajcosectf. .        .        .        (13). 

X  being  the  distance  from  the  mid-span  to  the  bottom  of  the 
sloping  rod  at  the  top  of  which  T^  is  taken ;  and  6  the  angle 
which  the  tangent,  to  the  chain  at  the  particular  point  makes 
with  the  horizontal. 

Graphic  Solution. — The  tensions  at  the  different  parts  of  the 
chain  can  be  most  readily  obtained  by  the  graphic  method. 

Let  the  horizontal  line  O  O^,  fig.  246,  be  drawn  to  represent 
the  stress  at  c.  Through  CX.  draw  a  line  parallel  to  the  sus- 
pending rods,  and  on  it  set  off  the  distances  0^  a^,  o^  x^  x^  x^,  &c,y 
to  represent  the  stresses  on  the  rods  ccj,  /y.,  gg^,  &c,y  respectively. 
Join  0  ajj,  O  aj^,  0  x^,  <kc.  These  lines  will  represent  the  stresses 
on  the  chain  at  the  points  6,  /,  g,  &c. 

339.  Stresses  on  ttie  Horizontal  Member. — The  stresses  on  the 
horizontal  member  or  platform  may  be  either  compressive  or 
tensile,  according  to  the  manner  in  which  it  is  fixed.  If  the 
platform  be  fixed  to  the  piers  at  A  and  B,  the  stresses  will  be 
compressive  throughout,  being  a  minimum  at  the  centre  and  a 
maximum  at  the  ends  next  the  piers.  If  the  horizontal  member 
be  free  to  move  at  the  ends  next  the  piers,  it  will  be  exposed  to 

29 
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tensile  stresses  tliroughout^  they  being  a  maTimnm  at  the  centre 
and  a  minimum  next  the  piers* 
In  the  former  case 

S^^st+^siny.        .        .        .    (14), 


^tnA=  +n  «  sin  7 


(15). 


n  being  the  number  of  suspension,  rods  between  the  centre  and 
the  end. 

In  the  latter  case 

B^^-ntRiny       .         .         .     (16), 


S^=-tsmy, 


(17). 


Graphic  SolftUan, — ^The  stresses  on  the  members  of  a  suspension 
bridge  of  this  form  may  be  readily  determined  by  the  aid  of  a 

stress  diagram.  Fig.  247 
represents  a  suspension 
bridge  in  which  the  bot- 
tom horizontal  member  is 
not  attached  to  the  piers, 
and  consequently  is  in 
tension.  Draw  the  ver- 
tical line  Y  X,  fig.  248,  to 
represent  the  total  weight  suspended  from  one  chain,  or  one-half 


Fig.  247. 


F%.  SMS. 


Hg.  249. 


IflMi  total  weight  on  the  bridge.    Set  off  Y  P,  P  O,  O  N,  &c,  to 
zffpvesent  the  weights  resting  at  the  ends  of  the  suspension  rodtf. 
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proceeding  from  right  to  left  Draw  Y  E  and  X  D  parallel  to 
the  suspending  rods  at  the  right-  and  left-hand  portion  of  the 
bridge.  Draw  the  horizontal  lines  P  H,  O  G,  N  F,  &a,  meeting 
these  lines  at  H,  G,  F,  &c.  These  horizontal  lines  will  represent 
the  tensile  stresses  on  the  different  bays  of  the  horizontal 
member.  The  lines  Y  H,  H  G,  <kc.,  and  X  A,  A  B,  <kc.,  will 
represent  the  stresses  on  the  inclined  suspension  rods. 

If  the  horizontal  tension  at  the  centre  of  the  chain  be  known, 
draw  the  horizontal  line  0«  Oj  to  represent  it,  join  O^  Y,  Oj  H, 
Oj  G,  <fec. ;  these  lines  will  oe  parallel  to  the  different  links  of 
the  chain,  and  will  represent  the  stresses  on  them.  If  the 
horizontal  tension  at  the  centre  of  the  chain  be  not  known, 
draw  Y  Oj,  X  0^  parallel  to  the  end  links,  and,  as  before,  the 
lines  radiating  from  O^  will  represent  the  stresses  on  the  different 
links,  the  line  O^  Og  representing  the  horizontal  component  of 
these  tensions. 

If  the  horizontal  member  be  attached  to  the  piers  so  as  to  be 
in  compression,  the  stress  diagram  will  be  that  shown  in  iig.  249. 

340.  Practical  Details  of  Suspension  Bridges. — Main  Gliains, — 
The  chains  of  suspension  bridges  are  usually  made  of  links  of 
wrought  iron  or  steel,  or  they  may  be  made  of  wrought-iron  or 
steel  wire  cables.  When  made  of  links,  the  latter  are  usually 
fiat,  with  eyes  formed  at  the  ends,  and  are  connected  together 
by  means  of  pins  passing  through  the  eyes.  The  best  proportion 
to  give  to  the  eyes  and  pins  is  a  very  important  question,  and 
has  been  fully  discussed  in  Chapter  XXI.  The  strength  of  the 
chain  may  be  varied  at  the  different  parts  of  its  length  so  as  to 
be  in  proportion  to  the  stresses  coming  on  it,  by  altering  the 
number  or  the  section  of  the  links,  or  both.  There  must  be  at 
least  two  chains  or  cables  to  each  bridge,  one  to  support  each 
side  of  the  roadway.  Large  bridges  may  have  more.  In  the 
Menai  suspension  bridge  there  are  sixteen  chains  in  four  sets  of 
four. 

Professor  Kankine  •  gives  the  following  formulae  to  show  how 
both  the  absolute  and  comparative  weights  of  chains  of  uniform 
section  and  strength  may  be  determined,  and  these  are  sufficiently 
correct  for  practical  purposes : — 

"  Let  X  be  the  half-span  of  the  chain  ;  y  its  depression,  both 
in  feet ;  the  ordinary  proportions  of  x  to  y  range  from 
4i  :  1  to  7J  :  1. 
Let  0  be  the  weight  of  a  chain  of  the  length  ar,  and  of  a  cross- 
section  sufficient  to  bear  safely  the  greatest  working 
horizontal  tension  H. 

*  CivU  Engineering,  p.  673. 
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0',  the  weight  of  a  half-span  of  the  chain  of  uniform 

section, 
CT,  the  weight  of  a  half-span  of  the  chain  of  uniform 

strength;  then — 


The  error  of  the  first  formula  is  in  excess,  and  does  not  exceed 
1 -3000th  part  in  any  case  of  common  occurrence  in  practice. 

The  value  of  0,  in  the  above  formula,  may  be  taken  a^ 
follows : — 

For  wire  cables  of  the  best  kind — 

C  =  »;     ■         •         .        •     (20). 
For  cable-iron  links — 

^"3000^     •         •        •         •     (^^)' 

it  being  understood  that  the  last  formula  gives  the  net  weight 
only;  in  other  words,  the  weight  exclusivu  of  the  additional 
material  in  the  eyes  and  pins  by  which  the  links  are  connected 
together. 

About  one-eighifi  may  be  added  to  the  net  weight  of  the  chains 
for  eyes  and  fastenings." 

When  each  cable  is  composed  of  two  sets  of  chains,  one  over 
the  other  in  the  same  vertical  plane,  the  suspension  rods  should 
be  arranged  in  such  a  manner  that  each  chain  receives  half  the 
weight.  This  may  be  arranged  in  a  variety  of  ways.  By  one 
method  the  suspension-rods  may  be  attached  to  each  chain  alter- 
nately; a  better  plan,  however,  is  to  attach  each  rod  to  both 
chains. 

The  suspension- rods  should  be  designed  so  that  they  may  be 
lengthened  or  shortened  in  order  that  the  requisite  camber  may 
be  given  to  the  roadway.  This  may  easily  be  done  by  means  of 
a  screw  and  nut  on  the  bottom  ends,  or  the  rods  may  be  made  in 
two  lengths  and  connected  together  by  a  coupling  with  a  right- 
and  left-hand  screw.  The  ends  of  the  suspension  rods  may  be 
attached  to  the  cross-girders  of  the  bridge ;  the  distance  apart  of 
these  latter  vary  according  to  circumstances,  and  usually  range 
between  5  and  10  feet. 
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When  the  cables  are  made  of  iron  or  steel  wire  ropes  they  are 
of  the  same  section  througlumt  their  length,  and  must  be  strong 
enough  to  resist  the  maximum  stress  coming  on  them,  which  is 
at  the  piers;  there  is,  consequently,  a  waste  of  material  in 
cables  of  this  description. 

The  iron  wire  used  in  the  Niagara  and  Cincinnati  suspension 
bridges  had  a  strength  of  44^  tons  per  square  incL  Good  steel 
wire  has  a  strength  of  from  50  to  60  tons  per  square  inch. 

Three  or  four  thousand  wires  may  be  used  in  one  cable,  and  it 
is  important  that  it  be  so  made  that  the  stress  on  each  wire  be 
practically  the  same.  It  is  not  necessary,  in  order  to  insure 
this,  that  the  wires  should  be  parallel.  Prom  experiments  made 
it  appears  that  cables  spun  with  machines  which  lay  the  wire 
helically,  but  does  not  twist  them,  is  as  strong  as  those  made  of 
straight  wires.  The  interstices  between  the  wires  should  be 
filled  with  a  bituminous  compound. 

341.  Advantages  of  Suspension  Bridges. — Suspension  bridges 
have  many  advantages  and  many  drawbacks.  The  principal 
advantage,  when  the  nature  of  the  ground  is  &vourable,  is  their 
cheapness. 

The  late  Prof.  Jenkin  remarks  * : — **  A  man  might  cross  a 
chasm  of  100  feet  hanging  to  a  steel  wire  0-21  inch  in  diameter^ 
dipping  10  feet;  the  weight  of  the  wire  would  be  12*75  lbs.  A 
wrought-iron  beam  of  rectangular  section,  three  times  as  deep  as. 
it  is  broad,  would  have  to  be  about  27  inches  deep  and  9  inches 
broad  to  carry  him  and  its  own  toeight.  It  would  weigh  87,500- 
lbs.  .  .  .  The  enormous  difference  would  not  exist  if  the 
beam  and  vire  had  only  to  carry  the  man,  although,  even  then,, 
there  would  be  a  great  difference  in  favour  of  the  wire ;  the  main 
difference  arises  from  the  feet  that  the  bridge  lias  to  carry  %t9 
own  weight  The  chief  merit  of  the  suspension  bridge  does  not,, 
therefore,  come  into  play  until  the  weight  of  the  rope  or  beam 
is  considerable  when  compared  with  the  platform  or  rolling  load^ 
for  although  the  chain  will,  for  any  given  load,  be  lighter  than 
the  beam,  the  saving  in  this  respect  will,  for  small  spans,  be 
more  than  compensated  by  the  expense  of  the  anchorages.  In 
large  spans  the  advantage  of  the  suspension  bridge  is  so  great 
that  we  find  bridges  on  this  principle  of  800  or  900  feet  span 
constructed  at  much  less  cost  per  foot  run  than  girder-bridges  of 
half  the  span." 

342.  Disadvantages  of  Suspension  Bridges. — There  are  many 
disadvantages  attending  these  bridges,  the  principal  being  want 
of  rigidity,  both  in  a  vertical  and  a  lateral  direction.     This  want 

*  Enq/dopcedia  Britannicoy  vol  iv.,  p.  304. 
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of  rigidity  renders  them  unsuitable  for  the  passage  of  heavy 
rolling  loads,  such  as  railway  trains,  unless  special  and  elaborate 
means  be  taken  for  stiffening  them.  In  an  ordinary  suspension 
bridge  with  vertical  suspension  rods,  when  a  heavy  load  passes 
over  it,  a  very  sensible  deformation  of  the  structure  takes  place ; 
and  when  the  load  passes  at  a  considerable  velocity,  the  stresses 
produced  are  much  greater  ths^n  with  a  statical  load  of  the  same 
amount.  It  has  been  found  from  experience  that  a  regiment  of 
soldiers  passing  over  in  step  produce  oscillations  and  stresses 
which  in  more  than  one  instance  have  caused  the  collapse  of  the 
structure. 

A  bridge  with  inclined  suspension  rods  (Dredge's  system)  is 
much  stiffer  vertically  than  one  in  which  the  rods  are  vertical. 

Oscillations  in  a  lateral  direction  are  produced  by  the  action 
of  the  wind,  and  this  alone  has  in  some  cases  caused  the  collapse 
of  the  bridge.  Wind-pressure  may  also  lift  the  bridge  vertically 
hy  acting  underneath  the  platform. 

343.  Stiffening  Suspension  Bridges. — The  lateral  oscillations 
may  be  retarded,  or  altogether  checked,  by  efficiently  bracing 
the  platform  with  horizontal  diagonal  bracing  bars.  Another 
method  is  to  attach  ties  to  different  parts  of  the  platform  at 
both  sides  of  the  bridge,  and  anchor  them  to  the  banks  of  the 
river  or  ravine.  These  stays  may  also  be  used  to  prevent 
vertical  oscillations.  For  the  latter  purpose,  instead  of  being 
anchored  to  the  ground  they  may  be  attached  to  the  piers,  in 
which  case  they  resemble  "  guy  ropes." 

A  very  good  method  of  stiffening,  when  the  bridge  is  liable  to 
heavy  rolling  loads,  is  to  introduce  into  the  structure  a  pair  of 
light  lattice  girders,  which, *in  addition  to  stiffening  the  bridge^ 
act  the  part  of  side  parapets  or  screens.  These  girders  may  be 
hung  from  the  main  chains  by  means  of  the  vertical  suspending 
rods,  and  the  cross-beams  of  the  bridge  may  be  attached  to  their 
bottom  flanges.  The  ends  of  these  girders  should  be  securely 
fastened  down  to  the  piers  to  prevent  their  being  lifted  by  the 
action  of  the  passing  load.  Prof.  Rankine  says  *  "  In  order  to 
enable  it  to  act  with  the  greatest  efficiency,  it  should  be  hinged 
At  the  middle  of  the  span,  which  may  be  effected  by  making  it 
in  two  halves,  connected  together  by  means  of  a  cylindrical  pin 
of  dimensions  sufficient  to  bear  the  shearing  stress,  which  will 
presently  be  stated.  The  object  of  this  is  to  annul  the  straining 
Action  which  would  otherwise  arise  from  the  deflection  and 
expansion  of  the  chain. 

"  This  precaution  having  been  observed,  the  greatest  bending 
^Bankines  Civil  Eng,,  p.  579. 
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ftcfcion  on  the  auxiliary  girder  will  be  that  due  to  hAf  ^  roQivng 
loady  upon  a  girder  of  one-half  of  tke  span  of  the  chain;  and  the 
greatest  shearing  action,  which  will  take  plaoe  at  the  central  pin, 
and  at  each  point  of  support,  will  be  equal  to  one^hth  of  the 
rolling  load  orer  the  whole  span.     That  is  to  say,  in  symboUk— 

''  Let  w'  be  the  greatest  rolling  load  per  unit  of  span ; 
Xy  the  half-epan ; 
M,  the  moment  of  the  greatest  bending  action  on  the 

auxiliary  girder ; 
F,  the  greatest  shearing  force;  then 

M=^;      ....    (22). 

F»4^.        ....    (23). 

''  Each  half  of  the  auxiliary  girder  is  accordingly  to  be  designed 
as  if  for  a  girder  of  the  span  x^  under  an  uniformly  distributed 
load  of  the  intensity  w'--r2y  regard  being  had  to  the  fact  that 
such  load  acts  alternately  upwards  and  downwards,  so  that  each 
piece  of  the  girder  must  be  capable  of  acting  alternately  as  a 
strut  and  as  a  tie,  under  equal  and  opposite  stresses. 

"  If  the  girder  is  not  hinged,  but  continuous,  at  the  middle  of 
the  span,  it  should  be  made  capable  of  bearing  a  bending  action 
whose  moment  is — 

M  =  '^." (24). 

Another  method  of  stiffening  vertically  may  be  adopted  when 
there  are  two  sets  of  chains  at  each  side  of  the  bridge,  one  above 


Fig.  260. 

the  other,  by  bracing  the  chains  together  with  diagonal  bars 
(see  fig.  250).  Eankine  says* — **  In  order  that  the  two  chains 
may  be  affected  alike  by  the  expansive  action  of  heat,  their 
curvatures  should  be  equal ;  in  other  words,  their  vertical  distance 
♦artfjB»fir.,p.  3i0. 
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apart  shoald  be  the  same  throughout  the  whole  span.  If  that 
Tertical  distance  be  made  equal  to  haif  the  depression  of  each 
chain,  no  additional  material  will  be  required  in  the  chains 
beyond  what  is  necessary  to  support  a  travelling  load  over  the 
whole  span.  The  diagonal  braces  should  be  capable  of  acting  as 
struts  and  ties  alternately,  under  stresses  computed  as  for  an 
auxiliary  girder.  Material  would  be  saved  by  this  mode  of 
stiffening,  as  compared  with  the  auxiliary  girder ;  but  it  would 
probably  be  less  efficient  and  durable,  as  the  alteration  of  the 
curvature  of  the  chains  by  heat  and  cold  would  tend  to  strain 
and  loosen  the  joints  of  the  braces." 

Unless  the  .cables  made  of  iron  or  steel  wire  are  properly 
cleaned  and  painted,  they  are  liable  to  oxidation,  and  their  life  is 
precarious.  The  ordinary  kinds  of  paint  used  for  wood  or  iron 
are  quite  unsuitable  for  wire  cables,  and  instead  of  preserving 
them,  they  very  often  hasten  their  decay.  Owing  to  the  con- 
tractions or  expansions  of  the  metal,  or  to  variations  in  the 
curvature  of  the  cable,  the  paint  gets  cracked  and  water  finds  its 
way  into  the  interior  of  the  cable  through  the  interstices  and 
is  kept  there  by  the  coating  of  paint.  The  best  substance  for 
coating  cables  is  coal  tar,  or  some  substance  capable  of  becoming 
liquid  in  hot  weather,  and  thereby  adapting  itself  more  readily 
to  the  expansion  of  the  cables. 


CHAPTER    XXVIL 

BRIDGES — eonUnued. 

Movable   Bbidges. 

344.  Definition. — Movable  bridges  are,  as  their  name  implies, 
those  that  are  capable  of  being  changed  in  position.  They 
usually  span  canals,  rivers,  or  the  entrances  to  docks,  and  are 
designed  for  the  purpose  of  allowing  a  clear  opening  or  increased 
headway  for  the  passage  of  vessels. 

As  regards  the  nature  of  the  stresses  coming  upon  them,  there 
is  nothing  different  to  what  has  already  been  explained ;  the 
cantilever  principle  is  more  general  among  them  than  in  ordinary 
fixed  bridges. 

345.  Different  Kinds  of  MoYable  Bridges.— There  are  various 
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kinds  of  movements  in  movable  bridges,  but  the  latter  may 
all  be  classed  under  the  following  five  different  heads  : — 

1.  Those  which  turn  round  one  or  two  horizontal  axes,  and 
which  are  termed  draiv-bridgea  or  hasculea  ; 

2.  Those  that  turn  round  one  or  two  vertical  axes,  and  which 
are  termed  stoing-hridges  ; 

3.  Those  that  roll  backwards  and  forwards  horizontally,  and 
which  are  known  as  Pra/versing-hridges  ; 

4.  Those  that  lift  vertically,  or  lift-bridges; 

5.  Those  that  float  in  the  water,  or  porUoonrbridges, 

346.  Bascules. — The  oldest  form  of  movable  bridge  was  th& 
ordinary  draw-bridge,  which  swung  in  a  vertical  direction  round 
an  axis  or  pivot  at  one  end.  It  was  constructed  of  timber,  and 
was  generally  employed  to  span  a  moat  round  a  castle.  Th& 
opening  and  closing  was  eflected  by  means  of  chains  attached  to- 
the  free  end ;  these  chains  passed  over  pulleys  and  had  counter- 
balance weights  attached  to  their  extremities.  A  better  arrange- 
ment  is  to  use  a  toothed  sector  in  which  a  pinion  works. 

When  bridges  of  this  kind  are  made  of  iron,  they  are  con- 
structed with  counterpoised  tail-ends  so  as  to  diminish  the  power 
required  to  open  them.  For  large  spans  the  bridge  may  consist 
of  two  pieces,  one  attached  to  each  abutment.  Bridges  of  this 
latter  class,  when  made  of  iron,  may  be  conveniently  constructed 
with  the  bottom  member  in  the  fonn  of  an  arch ;  when  closed^ 
the  extremities  of  each  half-arch  will  abut  against  each  other,  and 
the  whole  will  form  an  arched  bridge. 

347.  Swing-Bridges.— This  is  the  most  important  division  of 
movable  bridges ;  by  far  the  largest  number  belonging  to  this 
class. 

Swing-bridges  may  either  be  single  or  double.  Single  bridges 
cross  only  one  opening,  and  consist  of  a  long  arm  and  a  short 
one ;  the  long  arm  spanning  the  waterway,  and  the  short  on& 
acting  as  a  counterpoise.  In  double  swings  there  is  a  pier  in  the 
centre  of  the  waterway,  and  the  two  arms  bridge  the  two  channels 
thus  formed.  The  pier  may  either  be  of  masonry  or  iron,  and 
its  diameter  should  at  least  be  equal  to  the  width  of  the  bridge. 
On  the  top  of  the  pier  is  laid  a  circular  bearing  plate  usually 
made  of  cast  iron.  A  plate  of  the  same  diameter  is  fixed  under- 
neath the  bridge,  immediately  over  the  former,  and  a  number  of 
turned  conical  rollers  made  of  iron  or,  preferably,  of  steel,  are 
placed  between  the  surfaces.  There  is  also  a  central  pivot,  made 
of  steel,  attached  to  the  bridge,  which  fits  into  a  steel  socket 
fixed  to  the  pier ;  the  motion  takes  place  round  this  pivot,  and 
is  produced  by  means  of  a  pinion  working  in  a  circular  toothed 
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rack  by  the  aid  of  suitable  gearing.  The  motive  power  may  bo 
manual  labour,  or,  in  the  case  of  large  bridges,  hydraulic  power. 
The  rack  may  either  be  fixed  to  the  pier  or  the  platforDi  of  the 
bridge.  The  surfaces  in  contact  with  the  wheels  must  be  truly 
planed,  and  the  wheels  themselves  turned  in  order  to  diminish 
friction  as  much  as  possible.  In  the  case  of  a  single  swing,  the 
arrangement  is  precisely  the  same  as  that  described,  exoept  that 
the  turntable  is  fixed  on  the  abutment,  and  the  bridge  has  a 
short  arm  or  tail  piece  which  is  loaded  with  ballast  in  order  to 
counterbalance  the  weight  of  the  long  arm. 

The  full  advantages  of  swing-bridges  are  only  obtained  when 
two  passages  are  crossed ;  in  such  cases  there  is  no  necessity  for 
counterpoises,  and,  moreover,  the  effect  of  the  wind  on  the 
structure  is  neutralised,  as  it  acts  with  the  same  force  on  both 
arms.  In  a  single  swing -bridge  the  short  arm  and  counterpoise 
are  so  much  useless  material,  except  so  far  as  giving  balance  to 
the  structure,  and  it  is  evident  that  the  wind  will  produce  a 
much  greater  effect  on  the  long  than  on  the  short  arm,  which 
may  materially  interfere  with  the  opening  or  closing. 

348.  Classification  of  Swing-Bridges. — Mr.  J.  Price  *  classifies 
swing-bridges  according  to  the  method  by  which  the  weight  of 
the  structure  is  borne  while  the  bridge  is  being  swung. 

His  classification  is  as  follows : — 

(a.)  Those  which  turn  entirely  on  rollers  or  wheels. 

(b.)  Those  where  the  weight  is  proportioned,  so  as  in  part  to 
be  borne  by  rollers  and  in  part  on  a  centre  pivot. 

(c.)  Those  entirely  swung  on  a  centre  pivot. 

(d,)  Those  which  are  lifted  on  a  water  centre  by  hydraulic 
power. 

(0.)  Those  that  rest  and  turn  on  a  water  centre,  having  a 
constant  upward  pressure,  but  not  sufficient  to  lift  the  whole 
weight. 

(/,)  Floating  swings,  where  the  weight  is  almost  entirely 
buoyed  up,  having  only  a  small  portion  on  a  centre  pivot  or 
Toilers. 

The  diameter  of  the  rollers  varies  considerably  in  different 
bridges.  In  the  swing-bridge  at  Athlone,  over  the  river  Shannon^ 
they  are  only  8  inches,  while  in  the  bridge  over  the  passage 
connecting  the  east  and  west  floats  at  Birkenhead  the  rollers  are 
5  feet  in  diameter,  being  the  largest  in  use  under  any  bridge. 
Smaller  rollers  or  those  from  2  to  3  feet  are  preferable;  when 
large  they  frequently  break. 

For  large  swing-bridges,  it  is,  as  a  rule,  the  best  arrangement 
•JFVoc.//i«<.  C.&,vol.  57. 
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to  hare  the  weight  paHly  borne  by  rollers  and  partly  by  the 
central  pivot  Large  American  bridges  are  nearly  all  oonstructed 
on  this  principle. 

Bridges  under  the  division  (c),  turn  entirely  on  a  long  centre 
pivot  of  a  conical  form,  and  of  late  years  they  have  become 
very  common  in  Holland. 

Bridges  under  the  division  (d)  are  most  applicable  to  single 
swings ;  they  may  be  lifbed  on  the  water-centre  by  means  of  a 
small  hydraulic  pump.  They  are  arranged  so  that  one  arm  of 
the  bridge  is  slightly  heavier  than  the  other,  the  wheels  at  one 
end  will  then  come  in  contact  with  the  roller  plate.  When  the 
tail  end  is  the  heavier,  the  rollers  bear  downwards;  and  when 
the  other  end  is  the  heavier,  the  rollers  bear  upwards  against  an 
invei*ted  roller  path.  Several  English  bridges  at  dock  entrances 
are  arranged  on  this  principle. 

An  obvious  advantage  possessed  by  using  lattice-girders  for 
swing-bridges  is  that  they  do  not  offer  much  obstruction  to  the 
action  of  the  wind. 

349.  Traversing-Bridges. — Traversing-bridges  are  those  which 
are  arranged  to  roll  backwards  and  forwards  like  a  gangway. 

350.  Lifting-Bridges.  —  Lifting-bridges  are  suspended  by  the 
four  comers,  or  the  ends  of  the  two  main  girders,  by  means  of 
chains  which  pass  over  pulleys.  The  pulleys  are  attached  to 
four  standards  usually  made  of  iron.  To  the  ends  of  the  chains 
are  attached  counterpoise  weights  which  fit  inside  the  standards. 
The  lifting  is  usually  done  by  rack  and  pinion  motion  worked  by 
manual  labour,  though  for  large  bridges,  hydraulic  motive  power 
is  preferable. 

35L  Pontoon -Bridges.  —  Pontoon -bridges  rest  on  floating 
caissons  or  pontoons,  and  are  opened  and  closed  by  chains  and 
windlasses.     Several  bridges  of  this  class  cross  the  Rhine. 


CHAPTER   XXVIIL 
BRIDGES — continued. 

WSIGHT    OF    BkIDGES. 

852.  Importance  of  knowing  the  Weight  of  a  Bridge  approzi- 
mately  before  making  the  Design. — In  designing  bridges,  one  of 
the  first  essentials  is  to  know  the  loads,  both  live  and  dead,  com- 
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ing  upon  them.  As  a  rule,  these  are  all  fixed  heforehand,  except 
the  dead  weight  of  the  iron-work  of  the  superstructure,  and  this 
weight  has,  in  the  first  instance,  to  be  assumed.  The  stresses  on 
the  various  portions  are  then  calculated,  and  the  sections  fixed 
with  this  assumed  weight.  The  weight  of  the  iron-work  is  then 
determined,  and  if  this  weight  differ  much  from  the  assumed 
weight,  it  must  be  used  in  making  a  fresh  calculation  of  the 
stresses,  and  in  fixing  corrected  sections.  The  new  weight  of  the 
iron-work  is  then  found,  and  if  this  difier  materially  from  the 
first  calculated  weight,  tlie  opemtion  has  to  be  repeated  and  a 
fresh  adjustment  of  sections  made  until  a  sufiicient  degree  of 
accuracy  be  obtained.  Generally  speaking,  one  or  two  such 
operations  only  will  be  sufficient,  unless  a  great  degree  of  nicety- 
be  desired.  Any  information  which  will  enable  the  engineer  to 
^x  approximately  the  weight  of  the  bridge  before  making  any 
calculation  is  of  value,  as  it  helps  to  diminish  an  amount  of 
laborious  calculations. 

In  order  to  attain  this  object,  formulae  have  been  given  which 
apply  to  bridges  of  certain  types  and  of  given  spans  and  widths, 
and  carrying  certain  loads.  For  those  who  wish  to  study  the 
subject  exhaustively,  a  great  deal  of  valuable  information  will  be 
found  in  a  paper  written  by  Max.  am  Ende.* 

353.  Weight  of  Girders  under  200  feet  Span.— Mr.  Stoney  gives 
the  foUowing  rule  for  determining  the  weight  of  girders  of 
ordinary  proportions  under  200  feet  in  length  : — 

Let  W  =  the  total  distributed  load  in  tons,  including  the 
weight  of  the  girder, 
I  =  the  length  in  feet, 
d  =  the  depth  in  feet, 
/  =  the  working  stress  in  tons  per  square  foot  of  gross 

section, 
G  =  the  weight  of  the  main  girder  and  end  pillars  in 
tons. 

G  =  -^^-  av 

xifi   '      '      '      •    v^> 

If  Wj  =  load  on  the  girder  in  tons,  we  get — 

W  =  Wj  +  G. 
Substituting  this  in  (1)  and  reducing,  we  get — 

G  -     ^1^  (2) 

'Pro.  Itut.  o/C.  E.,  voL  Jxiv.,  p.  243. 
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By  means  of  this  equation  we  can  determine  the  weight  of  the 
girder  when  the  distributed  load  on  it  is  known. 

Example  1. — What  is  the  weight  of  a  wroiight-iron  girder  150 
feet  long  and  15  feet  deep,  to  carry  a  distributed  load  of  250  tons, 
the  metal  in  the  flanges  with  this  load  being  exposed  to  a  stress 
of  4  tons  per  square  inch  % 

Here  we  have 

Wj  =  250  tons,     Z=  150  feet,    rf=  15  feet,    /=  4  x  144  =  576  tona. 
^  250  X  (150)2 

^  =  i2x576xi5  4l5Q)^  ^  ^^'^  """'• 

Example  2. — If,  in  the  last  example,  the  girder  be  steel  and 
strained  to  7  tons  per  square  inch,  determine  its  weight. 
In  this  case 

/  =  7  X  144  =  1008  tons. 

Substituting  in  equation  (2),  we  get — 

_  260x(150)»  _ 

*^  -  12  X  1008  X  15  -  (160)«  -^^  *""'• 

From  this  it  is  seen  that  the  steel  girder  is  only  about  half  as 
heavy  as  the  iron  one. 

354.  Weight  of  Railway  Bridges  under  200  Feet  Span.— Mr. 
Anderson  has  given  the  following  rule  for  determining  the 
approximate  weight  of  railway  bridges  under  200  feet  in  length, 
the  depth  being  ^^  of  the  length,  and  the  working  stresses  5  tons 
per  square  inch  in  tension,  and  4  tons  in  compression : — 

Let  W  =  total  distributed  load  on  the  bridge  in  tons. 

w  =  the  weight  of  the  main  girders,  end  pillars,  and 
cross-bracing  in  lbs.  per  running  foot. 

«7  =  4  W (3). 

355.  Long-Span  Bailway-Bridges. — Sir  B.  Baker  *  applies  the 
term  long-span  railway-bridges  to  all  those  of  300  feet  span 
and  upwards.  He  refers  all  bridges  of  this  class  to  the  following 
types  either  taken  singly  or  in  combination : — 

1.  Box-plate  girders,  including  tubular  bridges. 

2.  Lattice  „  „         Warren  truss,  &c. 

3.  Bowstring      „  „         Saltash  type. 

4.  Straight  links  and  boom.     BoUman  truss. 

♦  •*  Long-Span  Btttiway-Bridges"  (Baker). 
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5.  Cantilever  lattice,  uniform  depth. 

6.  „  „        varying  economic  depth, 

7.  Continuous     „  „        -  „ 

8.  Arched  ribs  with  braced  spandrils. 

9.  Suspension  with  lattice  stiffening  girders. 

10.  Suspended  girders. 

11.  Straight  link  suspension. 

Mr.  Baker  gives  an  elaborate  series  of  calculations  in  order  to 
determine  the  relative  economy  of  these  different  types.  He 
also  shows  how  to  find  the  weight  of  the  iron  or  steel  for  different 
spans  in  terms  of  the  useful  load,  as  well  as  the  absolute  weights. 

His  conclusions  are  based  on  the  assumption  that  4  tons  to  the 
square  inch  represents  the  working  load  for  wrought  iron  and 
6  "5  tons  that  for  steel. 

Summarising  his  results,  Mr.  Baker  finds  "  that  the  span  of 
300  feet,  type  11 — the  straight-link  suspension  bridge — obtains 
an  advantage  of  some  20  per  cent,  over  any  other  system,  and 
that  it  maintains  a  certain  advantage  of  diminishing  value  up  to 
700  feet  span,  when  it  has  to  resign  the  lead  to  type  7 — the 
continuous  girder  of  varying  depth — which  type  maintains  a 
rapidly  increasing  advantage  over  all  others  up  to  the  limiting 
span.  These  two  forms  of  construction,  then,  within  their  own 
proper  spheres,  appear  to  be  the  most  economical  possible,  as 
regards  the  superstructure  of  the  main  span.  It  is  obviously 
quite  possible  that  in  many  instances  anchorage  could  not  be 
obtained  for  the  suspension  bridge,  except  at  a  cost  which  would 
render  even  our  heaviest  type — ^the  box  girder — a  more  econo- 
mical form  of  construction. 

"  The  system  ranking  second  in  the  scale  of  economy  is  type  6» 
the  cantilever  lattice  girder  of  varying  depth,  which  maintains 
its  relative  position  throughout,  unaffected  by  the  specific  length 
of  the  span.  Types  9  and  10,  the  suspension  with  stiffening  girder, 
and  the  suspended  girder,  succeed  the  last-named  one.  Although 
palpably  different  both  in  principle  and  appearance,  the  respective 
weights  are  almost  identical  throughout,  being,  up  to  700  feet 
span,  little  different  to  the  preceding  type.  We  now  come  to 
type  5 — the  cantilever  lattice  girder  of  uniform  depth — following 
closely  on  the  heels  of  the  last  two  systems  up  to  600  feet  span, 
when  it  is  superseded  by  type  8 — the  arched  rib  with  braced 
spandrils. 

"  The  independent  girders,  as  might  fairly  be  expected,  occupy 
the  lowest  place  on  the  list,  although  at  300  feet  span  type  4 — 
the  straight-link  girder — shows  a  slight  advantage  over  the  arch. 
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Within  the  limits  of  400  feet  or  500  feet  span,  the  straight  link 
is  the  most  economic  form  of  the  independent  girder;  above  that 
span  the  bowstring  girder  surpasses  it.  Types  2  and  1 — the 
lattice  and  box  girders-— conclude  the  iisf 


CHAPTER  XXIX. 

WIND-PRESSURE   ON   STRUCTURES. 

356.  Importance  of  Wind-Presstire  on  Stmctores.— The  subject 
of  -wind-pressure  is  a  very  important  one  in  considering  the 
design  of  roofs  and  bridges  of  large  span,  or  of  bridges  which  are 
supported  on  iron  piers  of  great  height.  A  bridge  may  be  care- 
fully designed  to  carry  vertical  loads,  but,  unless  the  stresses, 
produced  by  the  action  of  the  wind  be  amply  provided  for,  it 
may  be  a  very  faulty  structure  indeed.  A  prominent  example 
of  this  was  in  the  first  bridge  which  was  constructed  over  the 
estuary  of  the  Tay,  and  which  was  blown  down  by  a  gale  of  wind. 

In  some  structures  the  stresses  produced  by  the  wind-pressure 
are  as  great  as,  or  greater  than,  those  produced  by  the  dead  or 
live  loads,  or  even  by  both  combined. 

In  the  case  of  the  principal  members  of  the  Forth  Bridge, 
Sir  B.  Baker  has  estimated  the  maximum  pressures  from  th^  live 
load,  dead  load,  and  wind-pressure  to  be  as  follows : — 

Stress  due  to  live  load,         •        .     1022  tons. 
Stress  due  to  dead  load,        .         .     2282     „ 
Stress  due  to  wind-pressure,         .     2920     „ 

357.  Gircmnstances  which  Influence  Wind  -  Pressure.  —  The 
amount  of  pressure  which  the  wind  exerts  on  a  structure  of 
course  varies  from  time  to  time,  both  with  its  velocity  and  its 
direction ;  and  the  amount  and  direction  of  its  pressure  cannot 
be  determined  with  anything  like  the  precision  that  exists  in 
the  case  of  the  vertical  loads.  In  fact,  the  whole  question  of  wind- 
pressure  is  in  a  very  unsatisfactory  state,  and  we  can  only  pretend 
to  give  information  on  the  subject  in  a  very  approximate  form. 

As  has  been  explained  in  Chapter  XIX.,  the  force  which  the 
wind  exerts  upon  a  surface  is  a  maximum,  when  the  direction  of 
the  wind  is  normal  to  the  surface ;  and  this,  the  most  unfavour-> 
able  case,  must  be  assumed  in  calculating  the  stresses  which  it 
produces  on  the  different  members  of  a  structure. 
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The  amount  of  pressure  which  the  wind  exerts  on  a  surfiBMse, 
when  its  direction  is  normal  to  it,  depends  on  two  things — 

1st.  The  velocity  of  the  wind; 

2nd.  The  shape  and  character  of  the  surface. 

The  velocity  of  the  wind  can  be  measured  by  means  of  anemo- 
meters and  other  methods.  In  this  way  it  has  been  ascertained 
to  reach  as  much  as  100  miles  per  hour,  though  it  is  doubtful  if 
such  velocity  is  ever  attained  in  this  country. 

358.  Relationship  between  the  Velocity  and  Pressure  of  the 
Wind. — The  pressure  of  the  wind  on  a  plane  surface  has  a  cer- 
tain definite  relationship  to  its  velocity.  Most  authorities  seem 
to  agree  that  the  pressure  on  such  surfaces  is  proportional  to  the 
square  of  the  velocity.  Mr.  House's  formula  establishing  this 
relationship,  and  which  has  been  adopted  by  Smeaton  and  others,  is 

Y2 
P  =  206     •         •         •         •        (1)' 

where  p  =  pressure  in  lbs.  per  square  foot, 
V  =  velocity  in  miles  per  hour. 

Though  this  formula  has  been  pretty  generally  adopted,  yet 
its  accuracy  is  disputed  by  some,  and  it  cannot  be  regarded  as 
more  than  approximate.  Mr.  Hawksley,  who  has  devoted  a  good 
deal  of  attention  to  the  subject,  recommends  the  formula — 

p-imT '     '     •     •     <2). 

where  p  =  pressure  in  lbs.  per  square  foot, 
V  =  velocity  in  feet  per  second. 

*  This  formula  has  been  arrived  at  somewhat  after  the  following 
fashion : — 

Let  V  =  velocity  of  a  current  of  air  in  feet  per  second, 

h  =  height  through  which  a  heavy  body  must  fall  to  produoe  a 

velocity,  v, 
w  ss  weight  in  lbs.  of  a  cubic  foot  of  impinging  fluid  (for  atmos- 
pheric air  w  =  0*0765  lb.), 
g  =  32,  the  coefficient  of  gravity ; 

then,  from  Newton's  law. 

Since  p,  the  pressure  of  a  fluid  striking  a  plane  perpendicularly,  and  then 
escaping  at  right  angles  to  its  original  path,  is  that  due  to  twioe  the  height 
,(Rou8e*8  experiment),  then 

^  =  —  =  —32—  =  [^)  approximately. 
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From  these  two  formulae  the  following  table  has  been  con- 
structed : — 


TABLE  CIL— Showing  Relationship  Between  the  P&bssube 
AND  Velocity  o»  Wind. 


VBLOGITIB& 

Pbbmubb  ih  Lbs. 

rsB  Bquaxb  Foot. 

Feet  per  Second. 

Miles  per  Hoar. 

Bonae's  Formula. 

Hftwkal«7*BFonniik. 

10 

6-8 

0^ 

0-25 

20 

13-6 

002 

1-00 

30 

20-4 

2-08 

2-25 

40 

27-2 

3-70 

4-00 

50 

34-0 

5-78 

6-25 

60 

40-8 

8-32 

9-00 

70 

47-6 

11-33 

12-25 

80 

54-4 

14-80 

16-00 

90 

61-2 

18-72 

20-26 

100 

68-0 

23-12 

25-00 

110 

74-8 

27-97 

30-25 

120 

81-6 

33-29 

86-00 

130 

88*4 

39-07 

42*25 

140 

06-2 

45-32 

49-00 

150 

102-0 

52-02 

56-25 

From  the  table  it  will  be  seen  that  when  the  wind  velocity  is 
100  miles  per  hour,  which  is  the  greatest  that  can  occur,  the 
pressure  is  approximately  equal  to  50  lbs.  per  square  foot. 
This  pressure,  however,  is  too  much  to  assume  over  large  areas. 
The  total  wind-pressure  upon  a  surface  is  not  proportional  to  its 
superficial  area,  though  it  is  generally  assumed  to  be  so.    The 
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Telociby  of  the  stream  of  wind  is  not  uniform  at  all  points,  and 
the  average  pressure  on  a  surface  of  considerable  extent  is  much 
less  than  the  maximum  pressure  exerted  on  small  portions  of  it. 
This  has  been  verified  by  experiments  recently  made  in  connec- 
tion with  the  Forth  Bridge.  The  general  result  of  these  experi- 
ments shows  that  the  average  pressure  upon  a  surface  20  feet  by 
15  feet  is  not  more  than  66  per  cent,  of  that  on  a  small  surface 
l\  square  feet.  From  this  we  may  assume  that  as  a  rule  a 
maximum  pressure  of  45  lbs.  per  square  foot  over  the  whole 
surface  exposed,  is  sufficient  to  allow  for  structures. 

In  dealing  with  lattice-girder  bridges,  it  is  usual  to  allow  for 
the  pressure  on  a  surface  greater  than  that  represented  by  the 
actual  area  of  the  girders  as  seen  in  elevation.  In  double- webbed 
lattice  girders  the  area  of  both  webs  should  be  taken,  or  double 
the  web  area  as  seen  in  elevation,  for  if  the  direction  of  the  wind 
varies  ever  so  little  from  being  normal  to  the  girder,  the  first 
set  of  lattice  bars  give  little  or  no  shelter  to  the  second.  If  a 
bridge  consist  of  two  such  main  girders,  the  wind-pressure  on 
both  girders  must  be  allowed  for,  so  that  the  pressure  must  be 
taken  as  acting  on  an  area  equal  to  four  times  that  as  seen  in 
elevation. 

The  destruction  of  the  first  Tay  Bridge  has  been  the  means  of 
directing  the  attention  of  engineers  more  closely  to  this  subject. 
A  committee  appointed  by  the  Board  of  Trade  to  consider  the 
question,  recommended : — 

1.  That  in  exposed  situations  the  maximum  pressure  to  be 
provided  for  shall  be  56  lbs.  to  the  square  foot  of  surface. 

2.  That,  for  open  lattice -work,  the  surface  on  which  this 
pressure  acts  should  be  from  onco  to  twice  the  front  area, 
according  to  the  openings  in  the  lattices. 

3.  That,  for  iron  or  steel  work,  a  factor  of  safety  of  four  should 
be  provided ;  and,  considering  the  tendency  of  the  bridge  as  a 
whole  to  be  overturned,  a  factor  of  safety  of  two  should  be 
allowed. 

American  engineers  assume  a  wind-pressure  of  30  lbs.  per 
square  foot  upon  the  loaded,  and  60  lbs.  upon  the  unloaded 
structure.  Their  specifications  usually  provide  for  a  pressure  of 
30  lbs.  per  square  foot  on  the  train  surface,  and  twice  the  vertical 
surface  of  one  truss,  or,  as  an  alternative,  50  lbs.  per  square  foot 
on  the  unloaded  bridge;  and  it  is  further  specified  that  the  maxi- 
mum stresses  on  the  wrought  iron  under  these  conditions  must 
not  exceed  15,000  lbs.  per  square  inch  in  tension,  10,000  lbs.  ii^ 
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shear,  and  one-fourth  the  ultimate  resistanoe  in  compression.  It 
is  usual  for  the  iron  piers  to  have  such  a  width  of  base  that, 
with  the  above  pressures,  there  will  be  no  tensile  stress  on  the 
main  pillars. 

359.  Influence  of  the  Form  of  a  Surface  as  affecting  Wind- 
Pressnre. — The  form  of  a  surface  exposed  to  the  wind  has  a  great 
deal  to  do  in  modifying  the  pressure  exerted  against  it.  The 
pressure,  for  example,  upon  convex  surfaces  is  much  less  than 
that  upon  their  projected  plane  surfaces,  and  that  on  concave 
surfaces  is  much  greater. 

From  theoretical  calculations  it  appears  that  the  pressure 
upon  a  sphere  is  only  one-hcUf  that  on  a  flat  surface,  equal  in 
area  to  a  section  through  its  centre,  and  that  upon  a  solid 
cylinder  is  only  ttoo-tJhirds  of  the  pressure  on  a  section  through 
its  axis.  On  the  other  hand,  the  pressure  on  a  parachute  is 
nearly  double  that  on  its  diametral  section. 

If  great  nicety  of  calculation  be  desired,  a  coefficient  of  0*5 
should  be  taken  for  all  round  bars,  and  a  coeflicient  of  1  *5  for 
channel  sections.  It  is  not  often,  however,  that  such  exactness. 
is  necessary. 

360.  Wind- Bracing. — ^In  order  to  provide  against  the  wind- 
pressure  exerted  on  the  superstructure  of  a  bridge,  the  main 
girders  should  be  braced  together  in  a  horizontal  direction,  by 
which  means  the  pressure  is  transmitted  to  the  abutments. 
This  bracing,  except  in  very  deep  girders,  occurs  at  the  bottom 
flanges.  If  the  floor  of  the  bridge  consists  of  wrought -iron 
plates  resting  on  cross  girders,  or  of  wrought-iron  or  steel 
troughing,  such  flooring  in  itself  fulfils  all  the  requirements  or 
the  wind-bracing.  When  the  floor  consists  of  timber  it  will 
be  necessary  to  introduce  diagonal  bracing  of  wrought  iron. 
With  deep  girders  which  admit  of  sufficient  headroom,  the  top^ 
booms  should  be  connected  by  arched  or  diagonal  bracing. 

Arched  bridges  do  not  need  so  much  wind-bracing  as  those 
constructed  of  ordinary  girders,  as  they  expose  little  surface 
at  their  centres  where  the  wind-pressure  exerts  the  greatest 
effect. 

361.  Stresses  on  Braced  Piers. — ^Fig.  251  is  an  example  of  a 
braced  pier.  Under  ordinary  conditions  it  will  be  exposed  to 
two  sets  of  forces,  namely  : — 

1.  Vertical  forces^  which  consist  of  the  weight  of  the  pier 
itself  together  with  that  of  the  superstructure  and  the  live 
load. 

2.  Tlie  Jiorizontal  wuid-pressure. 

In  calculating  the  working  stresses  produced  by  these  external 
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forces,  it  will  not  be  necessary  to  take  into  account  any  live  load 
on  the  bridge,  as  with  a  wind-pressure  of 
from  40  to  50  lbs.  per  square  foot  it  would 
not  be  possible  for  railway  trains  or  other 
vehicles  to  pass  over. 

The  wind-pressure  (P)  exerted  on  the 
superstructure  may  be  represented  by  a  line, 
O  Pj  which  passes  through  the  middle  of  the 
depth  of  the  main  girders. 

The  wind-pressure  (Q)  exerted  on  the  pier 
may  be  represented  by  a  line,  o^q^  which 
passes  through  the  centre  of  the  surface  of 
the  pier  exposed  to  the  wind. 

The  resultant  (R)  of  these  two  pressures 
is  represented  by  a  horizontal  line,  Ojr, 
where  Og  r  =  O  j?  +  o^  9.  The  point  of  application  of  this  force  is 
at  the  point  Oo,  where  O  Og  :  Og  Oj  :  :  Q  :  P. 

The  vertical  force  (W)  coming  on  the  pier  acts  along  the  central 
line  O  Og  Oy  Through  the  point  r  draw  the  vertical  line  r  r^ 
making  r  r^  =  W.  Join  Og  r^ ;  this  line  will  represent  both  in 
magnitude  and  direction  the  resultant  of  all  the  forces  acting  on 
the  pier.  If  the  line  o^  r^  produced  fall  betuoeen  the  points  A  and 
B  the  pier  will  not  be  overturned,  even  though  it  be  not  anchored 
down.  If  O2  r^  fall  outside  A  B  the  pier  will  be  liable  to  be  over- 
turned unless  anchored  down. 

In  the  latter  case  if  the  pier  be  anchored  at  A,  the  stress  on 
the  anchor-bolts  may  be  found  thus — 

Let  R  =  resultant  of  the  wind-pressures. 
O2  O3  —  h,  the  distance  of  its  point  of  application  from  the  base 
of  the  pier. 
W  =  vertical  load  on  the  pier  including  the  weight  of  the 
pier  itself 
a  =  A  Og  =  O3  B  =  half  the  base  of  the  pier. 
S  =  stress  on  anchor-bolts  at  A. 

Taking  moments  about  B  as  a  fulcrum,  we  get — 
Sx2a^-Wxa  =  Rx6. 

R6-Wa 


Fig.  251. 


S  =  - 


2a 


(3). 


In  a  similar  manner  may  be  found  the  stresses  on  a  A  and  h  B, 
the  main  pillars  of  the  pier. 

When  there  is  a  tensile  stress  on  the  anchor-bolts  at  A,  the 
member  A  a  will  be  in  tension  and  6  B  in  compression. 
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When  there  is  no  stress  on  the  anchor-bolts  at  A,  there  will 
be  compressive  stresses  both  on  a  A  and  6  B,  though  not  equal 
in  amountb 

The  stresses  on  the  lattice-bracing  of  the  pier  may  be  found  in 
a  similar  manner  to  those  on  a  braced  cantilever  loaded  with  a 
concentrated  weight  at  its  extremity,  and  a  practically  uniformly 
distributed  load  over  its  entire  length. 

In  order  to  further  illustrate  the  effects  of  wind-pressure  on 
braced  piers,  we  cannot  do  better  than  give  an  example  of  a  pier 
actually  in  existence — ^namely,  one  of  the  high  piers  of  the 
Bouble  viaduct — an  account*  of  which  is  given  by  M.  Jules 
Gaudard  of  Lausanne. 

This  viaduct  consists  of  a  series  of  spans  of  164  feet  each  ;  the 
main  lattice  girders  are  14  feet  9  inches  deep.  Each  pier  con- 
sists of  four  cast-iron  columns,  which  are  ballasted  with  concrete 
and  braced  together,  as  shown  in  fig.  251 ;  the  height  of  the  top 
of  the  girders  from  the  base  of  the  pier  is  203  feet  5  inches.  The 
vertical  loads  on  each  pier  are  as  follows : — 

Dead  weight  of  one  span,      .        •         .     120  tons. 

Weight  of  train, 85     „ 

Weight  of  pier, 240    „ 

Total  load  on  pier,       .        .     445    „ 

Taking  a  wind-pressure  of  55*3  lbs.  per  square  foot,  the  total 
pressure  against  a  girder,  allowing  for  the  spaces  between  the 
lattices,  will  be  about  40  tons.  This  pressure  acts  horizontally 
midway  between  the  top  and  bottom  of  the  girder,  or  at  a  height 
of  196*2  feet  above  the  base  of  the  pier. 

The  pressure  on  the  train  is  estimated  at  32*4  tons,  and  this 
acts  horizontally  at  a  height  of  210*3  feet  above  the  base  of  the 
pier.  Lastly,  the  wind-pressure  on  the  pier  is  estimated  at 
about  40  tons  acting  horizontally  at  a  height  of  92*85  feet  above 
the  base. 

We  have  now  all  the  data  necessary  for  determining  the 
stresses  on  the  pier  under  the  above  conditions. 

As  the  width  of  the  base  of  the  pier  is  67  feet  7  inches,  we  get — 

Moment  of  stability  of  pier  =  445  x  33*8  =  16,041  foot-tons. 
Moments  of  wind-pressure  tending  to  overturn  pier 

=  40  X  196*2  +  32*4  x  210*3 -h  40  x  92*85  =  18,375*72  foot-tons. 
Prom  which  it  is  seen  that  the  net  overturning  moment 
=  18,375*72  - 15,041  =  3,334*72  foot-tons. 

*Proc  Inst,  qf  C,K,  vol  Ixix. 
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It  will  be  necessary,  therefore,  to  anchor  the  pier  down  to  its 
foundations.  If  the  anchor-bolts  pass  through  the  extremity  of 
the  base  of  the  pier,  and  if  S  =  total  tension  on  the  bolts,  we  get — 

S  X  67-6  =  3,334-72,  or  S  =  493  tons. 


CHAPTER   XXX. 

UFTINQ  TAGKLB,   EBEOTION  OF   BRIDGES,  Eia 

Lifting  Tackle. 

862.  Derricks. — A  derrick  is  usually  a  pole  or  balk  of  timber 
placed  in  an  upright  position,  one  end  resting  on  the  ground. 
When  the  weight  to  be  lifted  is  great,  or  when  the  derrick  is 
long,  the  latter  may  be  made  of  wrought  iron,  either  square  or 
circular  in  cross-section,  and  formed  of  continuous  plates  and 
angles  or  open  lattice-work.  Derricks  are  kept  in  a  vertical 
position  by  means  of  ropes  or  chains  fastened  to  their  tops,  the 
other  ends  of  the  stays  being  anchored  to  the  ground  or  made 
fast  to  objects  in  the  vicinity.  These  stays  are  termed  guy  ropes 
or  guy  cliains;  and  the  efficiency  of  the  derrick  depends  to  a 
large  extent  upon  them.  The  dimensions  of  a  derrick-pole 
depend  upon  its  height  and  the  weight  to  be  lifted.  For  light 
weights  a  balk  of  timber  8  inches  to  12  inches  square  is  usual; 
for  heavier  weights,  12  to  18  inches  square  may  be  required. 
For  anything  beyond  this  it  is  advisable  to  use  wrought  iron. 
For  lifting  heavy  weights,  chains  are  preferable  to  ropes  for 
staying,  and  these  should  not  be  less  than  four  for  each  derrick. 
The  bottom  end  of  the  stay  may  be  fastened  to  stakes  driven  into 
the  ground.  A  convenient  arrangement  for  this  purpose  is  a 
wrought-iron  bar  with  an  eye  forged  on  one  end  and  a  screw  on 
the  other.  This  can  be  screwed  into  the  ground  by  inserting  a 
round  bar  in  the  eye  and  using  it  as  a  lever.  This  is  afterwards 
withdrawn  and  the  guy  made  fast  to  the  eye.  At  the  top 
of  the  derrick  a  pulley-block  is  attached,  and  the  chain  or 
rope  for  hoisting  passes  round  the  pulley  and  is  carried  down 
the  side  of  the  derrick  to  a  snatch  block  fastened  to  its  heel, 
and  then  passes  round  the  barrel  of  a  crab  placed  at  some 
distance  off  and  anchored  to  the  gi'ound.     When  a  single  derrick 
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is  used  for  lifting  heavy  weights,  say  over  15  tons,  it  is  advisable 
to  employ  two  sets  of  pulleys  and  tackle.  For  long  and  heavy 
girders,  two  derricks  may  be  used,  the  girder  being  slung  from 
two  separate  points. 

363.  Sheer  Legs,  Tripods,  and  Scotch  Cranes.— Other  lifting 
apparatus  are  sheer  legs  and  tripode.  The  former  consist  of  two 
poles  and  require  two  or  three  guy  ropes,  while  the  latter 
consist  of  three  poles  and  do  not  require  any  guys. 

These  latter  are  not  so  convenient  for  shifbing  from  one  place 
to  another  as  ordinary  derricks.  What  is  known  as  the  Scotch 
crane  is  a  very  useful  appliance  for  lifting  purposes.  The  gib 
can  be  raised  or  lowered  in  a  vertical  plane,  or  swung  round  in  a 
horizontal  plane,  so  that  the  work  lifted  may  be  placed  in  its 
required  position.  The  lifting  crabs  may  be  worked  by  steam- 
instead  of  hand-power  when  heavy  weights  are  being  lifted. 

The  method  of  determining  the  stresses  on  all  these  lifting 
appliances  is  fully  explained  in  Chap.  XYI. 

364.  Bopes  and  Chains. — Ropes  are  usually  made  from  "  green 
hemp "  or  manilla.  They  are  measured  by  their  circumference 
in  inches  and  are  generally  sold  by  weight. 

There  are  several  rules  for  calculating  the  strength  of  ropes, 
but  they  must  be  considered  only  as  approximate,  there  being 
considerable  variation  in  the  strength  of  pieces  even  when  cut 
from  the  same  coiL  One  rule  is,  that  the  hreaMng  stress  in  cwts, 
is  egual  to  four  times  the  square  of  the  girth  in  inches  ;  so  that  if 

031  circumference  in  inches, 
S  =  breaking  stress  in  cwts. 

S  =  4c2     ....         (1). 

This  is  a  very  approximate  rule,  and  is  applicable  only  to 
certain  qualities  of  rope. 

The  following  formulae  are  more  to  be  relied  upon,  and  can  be 
made  applicable  to  the  different  kinds  of  rope  by  using  the 
proper  constants : — 

Let  c»B  circumference  of  rope  in  inches, 
i= working  load  in  tons, 
««  breaking  stress  in  tons, 
t£?= weight  of  rope  in  lbs.  per  £a.thom. 

k,  X,  y,  and  z  are  constants. 
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TABLE  cm.— Thx  Values  of  h,  x,  y,  and  2  (Molbbwobth). 


DnOBipnov  ov  Bopb. 

t. 

X. 

r. 

#. 

Common  hemp,      .... 

•032 

•18 

•18 

60 

Coir,  hawser  laid,  .... 

... 

... 

•131 

... 

Coir,  cable  laid,     .... 

... 

... 

•117 

... 

St.  Petersburg  tarred  hemp  hawser, 

■037 

•22 

•235 

6-36 

St  Petersburg  tarred  hemp  cable, . 

•025 

•16 

•207 

8-28 

White  mamlla  hawser,  . 

•046 

•27 

•177 

3-93 

White  maniUa  cable,     . 

•033 

•19 

•165 

4-70 

Best  hemp  "cold  register,"   . 

•100 

•60 

... 

Beet  hemp  "  warm  r^ter,"       1  . 

•116. 

•70 

... 

... 

TABLE  CIV. 

— WOBKINO  STRENaTHS  AND 

WaiQHTB  01  Hbmp  Rofbs. 

Clxvam. 
inlBohM. 

WorklDfStNM 
IB  Tons. 

Wolght  la  Iba. 

Oitcam. 
InlaobN. 

'^•5?%r- 

Weight  In  Ibt. 
twnthom. 

Common. 

Good. 

Common. 

Good 

Common. 

Good. 

Common. 

Good. 

1 

•032 

•046 

•18 

•24 

4* 

•678 

•831 

3-25 

4-34 

H 

•050 

•072 

•28 

•38 

^ 

•648 

•932 

3^65 

4-86 

14 

•072 

•104 

•41 

•64 

41 

•722 

1-038 

406 

5-42 

IJ 

•098 

•141 

•65 

•74 

S 

•800 

M50 

4^60 

6-00 

2 

'128 

•184 

•72 

•96 

61 

•968 

1392 

645 

7-26 

21 

•162 

•233 

•91 

1^22 

6 

M62 

1-666 

6^48 

8-64 

2i 

•200 

•288 

113 

1-50 

6i 

1-352 

1-944 

7-61 

10-14' 

21 

•242 

•348 

1-36 

1-82 

7 

1-668 

2-254 

8-82 

11^76 

3 

•288 

•414 

1-62 

216 

7i 

1-800 

2^588 

10^13 

13-50 

3i 

•338 

•486 

1-90 

264 

8 

2^048 

2-944 

1162 

1536 

3t 

•392 

•664 

2-21 

2-94 

8i 

2^312 

3-324 

13^05 

17-34 

8J 

•460 

•647 

263 

3-38 

9 

2^692 

3726 

14-68 

1944 

4 

•612 

•736 

2-88 

3-84 

10 

3-200 

4600 

18-00 

2400 
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The  breaking  stresses  are  about  five  times  the  working  loadsy 
as  given  in  the  last  table. 

365.  Preserving  Ropes. — Bopes  are  liable  to  rapid  deterioration 
unless  kept  dry  and  free  from  dirt.  If  they  are  exposed  to  con- 
stant wet  it  is  advisable  to  tar  them ;  this  renders  them  more 
durable  though  it  may  to  some  extent  diminish  their  strength. 
Another  cause  of  deterioration  is  the  wear  and  tear  caused  by 
passing  round  barrels  and  pulleys;  the  strands  also  in  such 
cases  become  unequally  strained,  those  on  the  outer  side  of  the 
rope  being  exposed  to  greater  tension  than  those  in  contact  with 
the  pulley.  This  inequality  of  stress  is  reduced  by  enlarging  the 
diameters  of  the  pulleys. 

If  ropes  are  kept  a  long  time  without  using  them,  they  should 
be  carefully  examined  and  tested  before  use. 

366.  Chains. — Chains  are  usually  made  out  of  round  wrought- 
iron  bars  of  the  best  quality.  The  links  may  be  of  different 
forms,  that  approximating  to  the  ellipse  being  the  most  common. 
Generally  speaking,  chains  are  of  two  sorts — the  dose-link  chain^ 
and  the  stttddedrlink  cliain.  In  the  atvd-link  chain,  a  stud  or 
stay  usually  made  of  cast  iron  is  inserted  across  the  shorter 
diameter  of  each  link,  in  order  to  prevent  the  sides  closing 
under  heavy  stresses. 

The  size  of  a  chain  is  measured  by  the  diameter  of  the  bar 
from  which  it  is  made ;  thus,  a  f-inch  chain  is  made  from  round 
bar  f  inch  in  diameter. 

When  a  direct  tension  is  applied  to  a  chain,  each  link  is 
subjected  to  a  bending  as  well  as  a  tensile  stress ;  the  bending 
action  being  greatest  at  the  extremities  of  the  links.  Each  link 
has  to  be  welded,  which  materially  diminishes  its  strength ;  this 
diminution  of  strength  amounting  on  the  average  to  about 
20  per  cent,  of  the  strength  of  the  bar. 

Chains  which  pass  over  pulleys  are  subjected  to  other  bending 
stresses.  In  such  chains  the  links  should  be  made  as  small  as 
possible,  in  order  to  increase  the  flexibility  of  the  chain,  and  to 
diminish  the  bending  action  above  referred  to.  From  experi- 
ments made  on  chains  at  Woolwich,  it  was  found  that  a  studded 
chain  cable  broke  with  a  mean  tension  of  15*9  tons  per  square 
inch,  and  a  close-link  chain  broke  with  a  tension  of  17 '5  tons 
per  square  inch.  The  strength  of  the  iron  from  which  these 
chains  were  made  was  about  26  tons.  The  reduction  of  strength 
is  to  be  accounted  for  by  the  welds  and  the  bending  stress. 

367.  Fatigue  of  Chains. — Chains  which  have  been  in  use  some 
time  suffer  from  '' fatigue,"  the  material  often  becoming  crystal- 
line in  its  texture.     By  annealing  the  chains  periodically,  the 
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equilibrium  of  the  material  becomes  restored,  and  its  strength 

re-established.  It  is  a  rule  of 
the  War  Department  that  all 
chains  of  cranes,  slings,  <fec., 
be  thus  annealed  from  time 
to  time. 

Fig.  252  shows  the  ordinary 
proportions  of  a  close-link 
chain  in  terms  of  the  diameter 
of  the  metal  from  which  the 
chain  is  made.  The  inside 
radii  of  the  ends  of  the  link 
must  be  a  little  greater  than 
the  radius  of  the  bar  from 
Fig  263.        which  the  chain  is  made. 

Fig.  253  shows  the  ordinary 


Fig.  252. 


proportions  of  the  link  of  a  studded  chain.     The  stud,  especially 
in  large  links,  adds  considerably  to  their  strength, 

368.  Ultimate  Stress,  Proof  Stress,  and  working  Stress  on 
Chains.— When  speaking  of  the  stresses  applied  to  chains,  three 
kinds  are  to  be  distinguished,  viz. : — 

Tlte  Ultimate  Stress, 
The  Proof  Stress. 
The  Working  Stress, 

Approximately,  the  proof  stress  is  about  one-half  the  ultimate 
strength,^  and  the  working  stress  is  about  one-half  the  proof 
stress.  Strictly  speaking,  however,  the  working  stress  ought  to 
vary  with  the  use  to  which  the  chain  is  put.  If  subjected  to 
vibrations  and  shocks  this  stress  should  not  be  greater  than  one- 
third  the  proof  stress. 

The  Admiralty  rules  for  studded  chain  cables  and  close-link 
crane  chains  are  as  follows : — 

Let  c?= diameter  of  the  iron  forming  the  chain; 
For  studded  chain  cables — 

Proof  load  in  tons  =  18c?2=lli  tons  per  sq.  in.  of  section. 
For  close-link  crane  chains — 

Proof  load  in  tons  ^12  d^  =  7*7  tons  per  sq.  in.  of  section. 

If  the  working  load  be  taken  at  one-half  the  proof  load, 
we  get — 

For  studded  chains — 
Greatest  working  load  =  9  cf^  =  5-75  tons  per  sq.  in.  of  section ; 
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For  dose4ink  cliains — 
Greatest  working  load  =  6  (^  =  3*85  tons  per  sq.  in.  of  section. 

369.  Weight  of  Chains.  — The  weight  of  chains   in  lbs.  per 
foot  may  be  expressed  bj  the  equation — 

tr=9(?       ....     (2). 

The  following  tables  are  given  by  Mr.  XJnwin,  the  breaking 
strength  being  calculated  from  the  Woolwich  experiments. 

TABLE  CV.— Strkitgth  akd  Wkiqht  of  Close-Link  Crane  Chains, 
AND  Size  or  Equivalbnt  Hemp  Cable. 


Diameter  of 

irond 

in  incbes. 

Weight  of 
per  fathom. 

Breaklnff 

strength  in 

tons. 

Testing 
loadintono. 

Girth  of 

equivalent 

ropeinincheB, 

Weight 
of  rope  in  lbs. 
per  fathom. 

i 

3-6 

1-9 

0-76 

2 

If 

A 

60 

30 

110 

2t 

li 

f 

8-6 

4-3 

1-6 

3i 

2i 

A 

11-0 

6-9 

2-3 

4 

3J 

t 

14-0 

7-7 

3-0 

4J 

6 

A 

18-0 

9-7 

3-8 

6i 

7 

t 

24-0 

120 

4-6 

61 

8i 

H 

280 

14-6 

6-6 

7 

lOi 

i 

31-6 

17-3 

6-8 

74 

12 

« 

370 

20-4 

7-9 

^ 

15 

{ 

44-0 

231 

91 

9 

174 

» 

00-0 

261 

10-6 

H 

19J 

1 

660 

29-3 

12-0 

10 

22 

1* 

71-0 

36*3 

16*3 

11* 

27i 

U 

87-6 

441 

18-8 

124 

344 

i» 

106-8 

62-8 

22-6 

13} 

«4 

u 

126-0 

62-8 

27-0 

16 

m 
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TABLE  CVI.— Strbsgth  axd  Wkiqht  or  Studded-Link  Gablb. 


DUmetarof 

Iron  din 

Inohaa. 

l)7elghtin 
Lb«.per 
Fathom. 

BraftUng 

Strengthln 

Tona. 

TaatLoad 
in  Tona. 

Girth  of  Eqal- 
T&lent  Ropa 
Inlnchaa. 

Weight  of 
RopeinLtaa. 
per  Fathom. 

f 

24 

9-5 

7 

64 

9 

a 

28 

11-4 

Si 

7i 

12 

i 

32 

13-5 

104 

8 

14 

i 

44 

20-4 

131 

94 

194 

1 

58 

24-3 

18 

104 

224 

H 

72 

29-6 

22} 

12 

30} 

H 

90 

38-5 

28i 

134 

391 

If 

110 

48-5 

34 

15 

m 

H 

126 

59-5 

40i 

16 

55 

i» 

145 

66-5 

474 

17 

62 

U 

170 

741 

55J 

18 

681 

li 

195 

92-9 

63i 

20 

86 

2 

230 

99-5 

72 

22 

104 

2t 

256 

112 

81i 

24 

124 

5^1 

285 

126 

9H 

26 

145 

Erection  of  Bridges,  &c. 

370.  In  the  erection  of  iron  or  steel  bridges  there  are  almost 
as  many  systems  as  there  are  designs  of  bridges  themselves,  and 
to  a  certain  extent  each  bridge  must  be  considered  on  its  own 
merits.  The  erection  of  a  bridge  is  sometimes  the  most  difficult 
part  of  the  undertaking,  and  in  making  his  design  the  engineer 
should  try  to  arrange  it  so  as  to  facilitate  the  erection  as  much 
as  possible. 

In  bridges  of  small  span  crossing  roadways  or  railways  the 
erection  is  an  easy  matter,  and  resolves  itself  merely  into  a  ques- 
tion of  lifting.     When  there  is  oonvenient  roadway  or  railway 
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acoommodation  to  the  8^te,  girders  of  lengths  up  to  80  feet,  and 
weights  up  to  20  tons  may  be  delivered  at  the  site  in  one  piece. 
If  they  exceed  these  limits  they  may  he  sent  in  two  or  more 
pieces,  and  afterwards  rivetted  together  in  position.  In  such 
cases  the  joints  should  be  so  arranged  that  the  different  lengths 
can  be  conveniently  joined  together.  When  the  girders  are  too 
large  to  be  treated  in  this  manner,  or  where  there  is  a  difficulty 
in  transporting  heavy  pieces  to  the  site,  or  of  lifting  them  into 
position,  then  it  becomes  necessary  to  send  the  work  away  in 
small  pieces,  and  all  or  most  of  the  jointing  and  rivetting  has  to 
be  done  on  the  site  by  erecting  the  work  on  a  stage  or  other- 
wise. In  cases  of  this  kind  it  is  always  advisable  in  the  first 
instance  to  erect  the  girder  complete  in  the  bridge-builder's  yard 
so  as  to  insure  everything  fitting  properly.  The  difierent  bars, 
plates,  &c.,  should  then  be  carefully  marked,  and  corresponding 
marks  put  on  the  erection  drawing,  so  that  each  piece  may  find 
its  proper  place  at  the  fiual  erection  in  situ.  A  complete  list  of 
bolts,  rivets,  and  other  fastenings  should  be  made,  and  a  copy 
furnished  to  the  foreman  in  charge.  Attention  to  this  will  save 
a  deal  of  trouble.  It  is  customary  to  send  an  excess  of  about  10 
per  cent,  of  all  rivets  in  order  to  provide  for  those  lost  or  burnt. 

371.  Erection  of  Small  Bridg68.~In  bridges  of  small  span, 
where  the  girders  are  delivered  on  the  site  complete,  it  is  only 
necessary  to  erect  one  or  two  derricks  according  to  the  size  of 
the  girders,  by  means  of  which  the  latter  may  be  lifted  to  their 
place.  The  cross-girders  are  similarly  treated  and  then  the 
fiooring  laid,  no  scafiblding  being  necessary. 

If  the  main  girders  are  delivered  at  the  site  in  two  pieces, 
they  may  be  jointed  together  on  the  ground,  and  then  lifted 
complete  in  the  manner  explained.  If  too  heavy  or  cumbersome 
for  thus  treating,  a  timber  trestle  may  be  erected  towards  the 
centre  of  the  span,  then  each  piece  lifted  and  laid  with  one  end 
on  the  abutment  and  the  other  on  the  trestle,  and  the  two  pieces 
rivetted  together  in  this  position.  This  method  is  very  inexpen- 
sive, as  little  or  no  scafiblding  is  needed. 

372.  Erection  of  Large  Bridges. — In  bridges  of  large  span,  or 
where  a  river  or  ravine  has  to  be  crossed,  other  methods  will 
have  to  be  adopted.  These  have  been  very  fully  considered  by 
Mr.  Seyrig,"^  and  a  good  deal  of  the  subsequent  information  oa 
this  subject  is  due  to  him. 

The  difierent  methods  of  erecting  large  bridges  may  be 
grouped  under  four  heads : — 

•  Pro,  Inst,  of  Civil  Engineers,  voL  IxiiL 
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1.  Erection  upon  Staffing  ; 

2.  Erection  by  Floating  ; 

3.  Erection  by  Protrusion,  or  Rolling  Over  ofOirdera; 

4.  Erection  by  Overhanging,  or  Building  Out 

373.  Erection  upon  Staging.— This  is  by  far  the  most  common 
-way  of  erecting  bridges,  though  it  is  often  expensive.  The 
staging  is  usually  constructed  of  timber,  and,  roughly  speaking, 
consists  of  a  series  of  timber  trestles  or  piers  upon  which  are 
laid  longitudinal  balks  or  beams.  On  these  latter  are  placed  a 
series  of  cross-beams  which,  in  their  turn,  support  the  longitu- 
dinal planking,  which  latter  forms  a  platform  for  the  men  to  work 
upon.     The  stage,  in  fact^  is  a  temporary  wooden  bridge. 

The  bottom  boom  of  the  girder  is  first  laid  on  the  stage  rest- 
ing on  a  series  of  skids  and  wedges,  by  means  of  which  the 
proper  camber  is  given  to  it  before  the  web  and  top  flange  are 
erected.  If  the  bridge  crosses  a  river  it  will  be  necessary,  in 
order  to  form  the  temporary  piers,  to  drive  piles  securely  into 
the  river-bed,  so  that  the  scaffolding  may  not  be  swept  away  by 
the  force  of  the  currents 

The  sections  of  the  various  scantlings  in  the  stage  have  to  be 
determined  specially  in  each  case.  As  a  rule,  when  the  trestles 
are  more  than  30  feet  apart,  it  will  be  necessary  to  truss  the 
main  longitudinal  beams  by  means  of  wrought-iron  tie-bars. 
The  working  stresses  allowed  to  come  on  a  temporary  structure 
of  this  kind  are  much  greater  than  those  in  permanent  structures. 
In  the  former  case  it  is  not  unusual  for  the  working  stress  to  be 
one-half  the  ultimate  strength. 

A  Scotch  crane,  fixed  on  the  stage,  is  very  useful  for  lifting 
purposes.  It  is  also  often  convenient  to  have  a  Goliath  travel- 
ling crane  running  the  whole  length  of  the  stage  on  rails  placed 
at  each  side  of  the  girder,  by  means  of  which  the  different  mem-> 
bers  may  be  placed  in  position. 

374.  Erection  by  Floating  Girders. — There  are  several  varieties 
of  sites  which  do  not  lend  themselves  to  the  construction  of  a 
stage.  In  deep  or  rapid  rivers,  or  those  subject  to  floods,  the 
construction  of  a  stage  is  troublesome  and  often  impossibla  In 
navigable  rivers,  also,  it  may  interfere  with  the  passing  of 
vessels.     In  such  cases  some  other  method  must  be  adopted. 

The  main  girders  may  be  built  on  the  shore  and  then  rolled 
on  to  pontoons  and  floated  to  their  destination.  The  erection  of 
the  main  tubes  of  the  Britannia  tubular  bridge  was  done  in  this 
way.  The  tubes  were  constructed  oa  a  platform,  which  was 
erected  on  piles  close  to  the  shore.     When  the  tubes  were  ready. 
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pontoons  were  brought  underneath  them  through  the  piles  at 
low  water ;  when  the  tide  rose  the  tubes  were  lifted  bodily  off 
the  scaffold  and  floated  to  their  position  between  the  piers.  By 
letting  water  into  the  pontoons,  the  tubes  were  lowered  on  to 
the  masonry  piers  which  were  above  water.  The  tubes  were 
afterwards  lifted  6  feet  at  a  time  by  powerful  hydraulic  presses 
placed  on  the  piers.  After  each  lift  the  masonry  was  built  up 
underneath,  and  then  a  fresh  lift  was  made,  and  the  operation  of 
building  the  masonry  continued,  by  which  means  they  were 
eventually  got  to  their  proper  level.  The  weight  of  the  four 
large  tubes,  which  were  470  feet  long,  was  1587  tons  each,  and 
they  were  fixed  at  a  height  of  100  feet  above  water-level.  Six 
pontoons  were  used  for  floating  each  tube. 

375.  Erection  by  Protrusion,  or  BoUing  Over  of  Girders. — This 
method  is  principally  applicable  to  continuous  girders  extending 
over  several  spans,  and  dispenses  with  the  necessity  of  staging. 
It  is  important  when  this  plan  of  erection  is  to  be  carried  out 
that  the  girders  be  designed  so  as  to  make  it  practicable.  When 
a  girder  projects  in  the  form  of  a  cantilever,  severe  stresses  aro 
incurred  of  a  nature  and  intensity  to  which  it  will  not  be  exposed 
when  fixed  in  its  final  position.  In  order  to  provide  against 
these  temporary  stresses,  it  is  sometimes  necessary  to  make  the 
girder  stronger  in  certain  parts  than  is  needed  in  the  [>ermanent 
structure.  The  extra  strength  and  stiffness  are  sometimes  pro- 
vided for  by  means  of  temporary  bracings  and  stays,  which  are 
removed  after  the  girder  is  finally  fixed  in  position. 

There  are  several  advantages  attending  this  system  of  erection. 
The  bridge  may  be  put  together  on  the  bank,  and  the  operation 
of  rolling  it  over  is  not,  as  a  rule,  attended  with  much  risk  or 
expense  if  properly  carried  out  It  is  equally  applicable  to  lofty 
viaducts  and  bridges  crossing  rivers. 

Fig.  254  explains  how  a  girder  A  B,  continuous  over  three 
spans,  may  be  rolled  across  into  its  final  position.  The  girder 
rests  on  rollers  which  should  be  grooved  so  as  not  to  interfere 
with  the  rivet-heads  in  the  bottom  flange,  or  the  rollers  may 
revolve  in  a  frame  fixed  to  the  girder  and  run  on  a  rail  laid  on 
the  ground.  A  crab,  C,  is  fixed  on  the  opposite  bank,  and  a 
chain  from  it  fixed  to  the  extremity  B  of  the  girder. 

If  the  girders  are  deep  and  narrow,  and  rolled  over  separately, 
they  should  be  fixed  in  a  cradle  to  prevent  their  falling  over 
sideways. 

In  order  to  prevent  an  undue  side-stress  on  the  piers,  a  tie 
might  be  taken  from  the  top  of  the  pier  and  fastened  to  the 
bank  from  which  the  girder  is  rolled. 
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Fig.  255  explains  a  method  applicable  when  there  are  no  piers. 
A  crane,  C,  is  fixed  on  the  opposite  bank  to  that  on  which  the 
girder  rests.  This  supports  the  end  B  while  the  girder  is  being 
rolled  across.  A  counterbalance  weight,  A,  is  often  used  in 
order  to  relieve  the  stress  on  the  crane.  By  applying  levers  or 
jacks  to  the  end  A,  the  girder  may  be  pushed  over.  Instead  of  the 
bridge,  the  staging  may  be  rolled  across ;  in  some  cases  this  will 
be  found  preferable,  but  should  only  be  had  recourse  to  when 
other  methods  are  not  applicable,  on  account  of  the  expense 


Fig.  254 

involved.     The  stage  in  such  case  may  be  constructed  of  timber 
lattice-trusses,  connected  together  with  cross-framing. 

In  bridges  crossing  rivers  and  canals,  a  method  of  erection 
might  in  some  cases  be  employed  with  advantage,  which  is  a 
combination  of  the  methods  of  rolling  and  floating.  The  girder 
is  first  thrust  forward  to  nearly  one-half  its  length.  A  boat  is 
then  placed  under  the  projecting  end,  which  can  be  raised  by 
pumping  water  out  of  the  vessel ;  the  girder  can  then  be  drawn 
over  and  landed  on  the  opposite  abutment 


376.  Erection  by  Overhanging,  or  Building  Ont  —  By  this 
system  no  scaffolding  whatever  is  required,  the  structure  itself 
being  made  use  of  for  its  own  erection.  This  plan  is  adopted 
in  situations  where  it  is  impossible  to  erect  staging,  and  where 
the  design  of  the  structure  lends  itself  to  the  method,  s\ich  as 
braced  arches  or  bridges  of  the  double  cantilever  form.  Among 
notable  examples,  where  this  method  has  been  successfully 
adopted,  may  be  mentioned  the  Foi*th  and  Douro  Bridges. 

The  bridges  are  built  out,  starting  at  the  abutments  or  piera. 
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In  the  case  of  a  bridge  with  a  single  span,  the  erection  is  stai*ted 
at  each  abutment,  and  built  out  panel  by  panel  until  the  two 
portions  meet  at  the  centre.  The  top  members  of  each  portion 
must  be  tied  back  to  the  abutment,  while  the  lower  members 
may  for  a  certain  distance  be  sujiported  by  inclined  struts. 

In  bridges  with  more  than  one  span,  by  starting  at  a  pier 
and  building  out  on  either  side  simultaneously,  two  cantilevers 
are  formed  which  balance  each  other. 

377.  Cost  of  Erection. — The  cost  of  erection  of  bridges  varies  a 
great  deal,  and  may  be  roughly  stated  to  be  from  £1  to  £10  per 
ton.  When  a  great  deal  of  rivetting  has  to  be  done,  it  is  advis- 
able to  use  portable  rivetting  machines  driven  either  by  hydraulic 
or  pneumatic  power ;  the  latter  being  preferable  in  cold  climates, 
as  it  is  not  interfered  with  by  the  frost. 

After  a  bridge  has  been  erected  and  before  it  is  opened  to 
traffic  it  should  be  tested  and  the  deflection  noted.  In  railway 
bridges  it  is  usual  to  send  a  string  of  locomotives  coupled  together 
over  it  at  different  speeds. 

378.  Erection  of  Iron  Roofs  and  Bnildings. — If  a  roof  rests  on 
columns,  the  first  thing  to  be  done  is  to  fix  these  in  position. 
The  foundation  of  a  column  may  simply  consist  of  a  stone  bedded 
in  the  ground,  it  is  best,  however,  to  have  concrete  or  brickwork 
underneath  the  stone  to  insure  the  stability  of  the  foundation, 
and  the  tops  of  the  stones  should  be  dressed  off  smooth  and  level. 

The  columns  may  be  fixed  to  the  foundations  by  Lewis'  bolts, 
which  latter  are  fixed  to  the  stone  by  running  them  with  lead, 
8ulj)hur,  or  other  suitable  substance.  When  lead  is  used  it  is 
poured  into  the  dovetail  space  between  the  bolt  and  the  stone, 
and,  to  make  a  good  job,  it  should  afterwards  be  caulked  as  the 
lead  contracts  in  cooling.  Sulphur  does  not  require  caulking  as 
it  expands  in  cooling.  In  the  case  of  long  columns,  which  require 
extra  anchorage,  long  bolts  should  be  used  which  pass  down 
through  the  concrete  or  brick  foundation,  and  are  secured  thereto 
by  anchor  plates.  It  is  usual  to  have  four  holding-down  bolts 
for  each  column. 

For  good  work  the  bases  of  the  columns  should  be  faced ;  when 
this  is  not  done  one  or  more  layers  of  felt  or  a  layer  of  sheet 
lead  should  be  placed  between  the  column  and  the  stone.  These 
packings  will  yield  wherever  the  pressure  is  greatest,  so  that  it 
becomes  distributed  approximately  over  the  base.  Another  plan 
for  packing  the  bases  of  columns  and  getting  them  truly  vertical 
is  to  put  iron  wedges  at  the  different  comers;  then  by  driving 
one  or  other  of  these  wedges,  the  column  may  be  made  quite 
plumb.    When  all  the  columns  are  thus  set  true,  and  their  tops 
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brought  in  line,  the  space  between  the  column  base  and  the  stone 
may  be  filled  in  with  molten  lead,  or  sulphur,  or  Portland  cement, 
or  it  may  be  caulked  with  iron  borings.  It  is  very  important 
that  the  columns  be  made  to  bear  evenly  over  the  entire  surface 
of  their  bases.  Many  cases  have  been  known  where  this  has 
not  been  attended  to,  where  the  base  of  the  column  (or  the  stone 
itself)  has  been  cracked  (see  Art.  153). 

When  the  columns  have  been  fixed  and  before  they  are  finally 
bolted  down,  the  connecting  girders,  when  there  are  any,  for 
carrying  the  principals  should  be  lifted  into  their  place  by  means 
of  a  derrick  and  bolted  to  the  columns.  There  is  little  difficulty 
in  lifting  girders  in  this  way,  as  they  are  stiff  and  not  liable  to 
buckle.  It  is  different,  however,  in  lifting  principals  on  account 
of  their  want  of  lateral  stiffness.  If  the  principals  are  small  the 
derrick  chain  may  be  attached  to  a  single  point,  namely,  the 
crown.  It  is  preferable,  however,  to  have  the  chain-sling 
attached  to  two  points.  In  larger  trusses  two  derricks  may  be 
necessary,  and  there  should  be  two  or  more  points  of  attachment. 
When  a  roof  truss  is  suspended  in  this  way  it  is  exposed  to 
stresses  it  was  never  designed  to  bear,  the  main  tension  members 
being  subjected  to  compressive  and  the  rafters  to  tensile  stresses. 
In  order  to  prevent  the  ties  from  buckling  they  should  be 
stiffened  by  lashing  light  timber  poles  to  the  truss. 

When  the  first  principal  is  lifted,  it  should  be  securely  fixed 
to  the  ground  or  some  fixed  object  by  means  of  ropes  or  chains, 
before  it  is  released  from  the  derrick.  As  each  successive 
principal  is  lifted,  it  is  lashed  to  the  preceding  one  until  the 
purlins  are  fixed.  It  is  also  advisable  to  attach  the  wind-ties  as 
the  work  proceeds.  Many  accidents  have  been  known  to  occur 
by  neglecting  these  precautions.  A  gale  of  wind  suddenly 
springing  up  has  blown  down  many  a  partially-erected  roof  when 
the  principals  were  not  properly  stayed  or  braced  together. 

Sometimes  the  covering  is  not  put  on  until  the  whole  of  the 
framework  is  fixed,  but  the  more  usual  plan  with  large  roofs  is 
to  proceed  in  laying  the  covering  as  each  bay  of  ironwork  is 
completed. 

Arched  ribs  may  be  lifted  in  one  or  more  pieces  according  to 
the  span.  When  in  three  pieces,  the  abutment  ends  are  first 
lifted  and  fixed,  and  then  the  centre  pieces  dropped  in  and  the 
connections  made  good.  This  may,  as  a  rule,  be  done  without 
any  elaborate  scaffolding,  except  in  the  case  of  very  large  spans, 
when  it  becomes  necessary  to  buikl  a  stage  from  the  ground  and 
eiect  the  ribs  upon  it.  It  is  not  necessary  for  the  stage  in  such 
to  extend  the  whole  length  of  the  roo^  it  being  usually 
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made  about  the  width  of  two  bays,  and  arranged  so  as  to  travel 
longitudinally  with  the  roof  by  running  on  rails  laid  on  the 
ground.  The  same  staging  is  used  for  fixing  the  purlins  and 
the  covering. 

After  the  framing  and  covering  have  been  fixed,  the  last 
process  is  the  painting  of  the  roof.  The  number  of  coats  which 
the  iron  and  timber  work  receives  is  usually  three,  though  four 
coats  are  sometimes  specified.  The  first  coat  is  usually  put  on 
before  the  work  leaves  the  contractor's  yard,  the  remaining  coats 
after  the  work  is  fixed. 


CHAPTER    XXXI. 

engineers'  specifications  of  ibon  and  steel  bbiboes. 

The  two  following  are  examples  of  engineers'  specifications,  so 
&r  as  they  apply  to  the  iron  and  steel  work  of  bridges  and  roofs. 
They  are  selected  with  care,  and  are  examples  of  the  most  recent 
work : — 

Makohiestbb,  Shsffbld,  Ain>  Lof oolnshirb  Railway. 
EJxtrwcU  from  SpeciJiccUum  for  Bridge  Work,  October,  1889. 


Cast-Ison  Work. 

1.  Cast  iFOn. — ^The  cast  iron  muBt  be  of  the  best  ^^rey  metal,  free  from 
cinder  or  graphite ;  the  castings  must  be  free  from  air-blows,  honeycomb, 
sand,  or  other  flaws,  and  the  quaHty  shall  be  snch  that  a  bar,  4  feet  long 
by  I  inch  wide  and  2  inches  deep,  placed  on  solid  supports,  giving  a  clear 
span  of  3  feet  6  inches,  shaU  carry,  without  showing  any  signs  of  fracture, 
not  less  than  3000  lbs.  placed  in  the  centre  of  the  bar  between  the  rapports. 

2.  Castings. — The  castings  must  be  clean  and  neat,  not  buckled  or  in 
any  way  defectiye,  and  must  be  in  exact  accordance  with  the  drawings. 
AU  patterns  must  be  approved  before  beixiff  cast  from,  and  special  care  must 
be  taken  with  those  for  the  parapets.  All  casting  when  complete  shall  be 
submitted  to  any  test  that  the  engineer  may  think  it  necessary  to  apply» 
and  any  casting  which  may  prove  aefective  shall  be  replaced  by  another  of 
approved  quality,  at  the  contractor's  cost. 


3.  All  bolt-holes  must  be  drilled  true  to  a  template,  and,  except  y 
otherwise  specified,  no  oast  heles  will  be  allowed.    The  diameter  el  tiM 
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holes  must  not  exceed  that  of  the  bolts  by  more  than  one-sixteenth  of  an 
inch. 

4.  All  joints  not  s{>eciall^  shown  on  the  drawings  to  be  faced  shall  be 
provided  with  chippinff  pieces,  and  accurately  fitted.  The  joints  and 
bearing  surfaces  of  cylinders  for  bridge  or  other  foundations  shall  be 
accurately  faced  in  the  lathe. 

5.  No  casting  shall  be  painted  until  it  has  been  examined  and  approved 
by  the  engineer  or  his  inspector,  after  which  it  shall  be  thoroughly  scraped 
clean,  ana  well  painted  with  four  coats  of  Colley's  Torbay  or  other  approved 
paint.  Any  casting  in  which  plugging  or  other  attempts  to  conceal  defects 
may  be  discovered  will  be  at  once  rejected. 


Wrouoht-Iron  Work. 

a  Wrought  Iron.— All  iron  shall  be  of  best  Staffordshire  or  other 
equally  approved  British  make,  and  samples,  selected  from  the  bulk  by  the 
engineer  or  his  inspector,  shall  be  capable  of  withstanding  in  University 
College,  London,  or  other  approved  machine,  the  following  tests : — 


TABLE  CVII. 


Desoription  of 
materUL 

TeoAional  broAking 

strain  in  tons  per 

■q.  in.  not  to  be 

leas  than 

Contraction  of  area 

at  fracture;  average 

per  cent,  not  to  be 

less  than 

Elony^onper 

Wrought-iron  bars, 
L-  and  T-iron,   . 

Wrought      plates, 
lengthway,     .     . 

Wrought       plates, 
crossway,  . 

Wrought        bolts, 
nuts,  rivets,  .    . 

}  - 
}  « 
}  " 
}  « 

20 

10 

4 

30 

U  inches. 

i    » 

i    » 

21      .. 

7.  All  rivets  must  be  of  best  Yorkshire  iron,  capable  of  being  bent  double 
eold  without  fracture,  and  must  be  made  out  of  the  solid.  Except  where 
countersunk,  the  rivet  heads  are  to  be  cupped,  and  they  shall  be  free  from 
cracks  or  other  defects. 

8.  General. — ^All  plates  shall  be  of  uniform  thickness  thpughout,  and 
carefully  curved  or  bent  to  the  required  forms.  All  bars,  plates,  angles, 
and  tees  shall  be  of  the  sizes  shown  on  the  drawings,  and  pUoed  in  the  work 
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SO  that  the  fibres  of  the  iron  may  run  in  the  direction  of  the  greatest  strain. 
The  edges  of  all  plates  shall  be  planed,  and  all  joints  shall  be  true  and  close 
batts.  The  ends  of  all  angle-  or  tee-iron  stiffeners  shall  be  o^t  square,  and 
neatly  dressed  in  a  machine-saw  or  otherwise.  The  work  must  be  prepared 
and  the  holes  marked  from  proper  templates,  so  as  to  insure  a  umform 
width  of  plates  in  the  flanges,  and  accurate  correspondence  of  rivet-holes 
through  toe  several  thicknesses.  The  rivet-holes  shall  be  drilled.  The 
rivets  must  be  made  to  well  fill  the  holes,  snd  rivetted  by  machine  power 
whenever  practicable,  and  must  be  countersunk  when  ordered.  All  angles 
and  cranks  must  be  neatly  formed  with  easy  curve,  snd  the  work  must 
be  free  from  cracks,  scales,  ragged  edges,  and  flaws  of  every  kind.  All 
girders  must  be  built  with  a  proper  camber  on  the  under  side,  which  will 
generally  be  I  inch  to  every  40  feet,  and  cover-plates  and  psicking-strips 
must  be  fixed  when  necessary. 
Asphalted  felt  is  to  be  placed  under  all  bearings  of  main  girders. 

9.  Paintlngr*  &6. — The  iron  and  steel  work  is  not  to  be  painted  nor 
dipped  in  oil  at  the  maker's  works,  except  when  the  girders  are  put 
together,  and  then  the  whole  of  the  surfaces  in  contact  shall,  before  they 
are  placed  together,  receive  one  coat  of  CoUey's  Torbay,  or  other  approved 
paiut.  When  the  bridges  are  complete,  and  sufficient  time  has  elapsed  to 
allow  the  mill  scale  to  drop  ofif,  the  girders  are  to  be  well  scraped,  and 
brushed  with  wire  brushes ;  and  when  clean  and  free  from  rust  and  dust, 
the  whole  of  the  surfaces  shall  receive  four  coats  of  the  same  paint,  each 
coat  to  vary  in  colour,  and  to  be  left  of  an  approved  colour.  Any  painting 
damaged  during  the  term  of  maintenance  shall  receive  one  additional  coat 
or  more  if  ordered  by  the  engineer. 

10.  HobSOn'S  Patent  Flooring.— The  platform  plates  shall  be  neatly 
fitted  and  rivetted  into  their  places,  and  buckled  where  so  shown  on  the 
drawings.     The  flooring  is  to  be  that  known  as  Hobson*s  patent  flooring. 

11.  The  parapets  and  hand-railing  shaU  be  very  neatly  fitted  together^ 
felt  being  inserted  where  necessary  to  prevent  rattling. 

12.  All  bolts  and  nuts  shall  have  a  clean-cut  Whitworth's  thread  to  hold 
tightlv,  and  shall  be  provided  with  washers  where  required.  The  heads  of 
all  bolts  shall  be  formed  out  of  the  solid,  and  not  welded  on.  The  ends  of 
rods  and  bolts  shall,  before  securing,  be  swelled  out  so  as  to  maintain  the 
full  sectional  area  of  the  iron  at  the  bottom  of  the  thread.  All  nuts  and 
heads  shall  be  of  Whit  worth's  proportions.  All  bolts  shall  project  at  least 
one-half  diameter  beyond  the  nuts  when  screwed  up. 

13.  The  whole  of  the  iron  work  is  to  be  fitted  together  at  the  maker's 
yard,  and  properly  marked  before  being  taken  to  pieces,  and  when  delivered 
on  the  works  is  to  be  carefully  stocked,  and  protected  from  injury. 

14  The  contractor  must  provide  at  his  own  cost  all  necessary  gantries 
or  staging  required  for  fixing  and  painting  the  iron  work,  and  remove  the 
same  on  completion  of  the  contract. 

15.  Wherever  holes  are  provided  in  floor  plates,  troughs,  &c.,  for  drainage 
they  shall  be  fitted  with  tubes  projecting  1  inch  above  the  plate,  in  order 
to  prevent  the  coating  of  the  asphalie  from  running  into  and  choking  the 
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Stkel. 

16.  All  rolled  steel  must  be  homogeneous  in  character,  free  from  sur&oe 
defects,  and  ca^table  of  resisting  a  tensile  strain  of  not  less  than  30  tons  per 
square  inch  of  section.  It  must  show  a  contraction  of  area  at  the  point  of 
fnbcture  of  not  less  than  40  per  oeaat.  of  the  original  area.  The  elongation 
before  fracture  shaU  be  from  15  to  20  per  cent,  in  a  length  of  10  inches. 
All  steel  must  be  annealed  before  leaving  the  maker's  works.    The  tests  for 

.  steel  are  to  be  conducted  in  the  same  manner  as  provided  for  wronght  iron. 

Maintenance. 

17.  Matntenanoe. — The  whole  of  the  bridge  work  is  to  be  maintained 
by  the  contractor  at  his  own  cost  for  twelve  calendar  months  after  the 
opening  of  the  railway,  in  good  order  and  condition,  and  to  the  satisfaction 
of  the  engineer,  without  any  interruption  to  the  traffic  on  the  railway ;  and 
all  materials,  workmanship,  and  labour  of  any  kind  whatever,  which  are 
requisite  for  such  maintenance  of  works  and  permanent  way,  are  to  be  fur- 
nished by  the  contractor  at  his  own  cost ;  and  the  work  is  to  be  delivered 
up  by  the  contractor,  in  such  cood  order  and  condition,  as  shall  be  satis- 
fftctory  to  the  engineer ;  and  should  it  happen  that  any  work  of  repair  or 
renewal  is  in  course  of  execution  at  the  expiration  of  the  said  twelve 
months,  such  work  is,  nevertheless,  to  be  completed  by  the  contractor  at 
bis  own  cost. 

Lanoashibs  and  Yorkshihe  Railway  Ck>MPANY. 
Spec^ccUion  of  Iromoork, 

1.  Wrought  Iron.— The  ^ates,  bars,  tees,  angle-irons,  &;o.,  are  to  be 
of  the  best  quality  and  all  of  British  manufacture,  capable  of  bearing  the 
following  strains : — 

That  for  plates  lengthwise,  21  tons  per  square  inch ;  contractiou  of  area 
at  point  of  fracture  8  per  cent. 

That  for  plates  crosswise,  17  tons  per  square  inch ;  contraction  of  area  at 
point  of  fracture  4  per  cent. 

That  for  angle-  and  tee-irons,  22  tons  per  square  inch ;  contraction  of 
area  at  point  of  fracture  15  per  cent. 

That  for  Hat  bars,  23  tons  per  square  inch ;  contraction  of  area  at  point 
of  fracture  20  per  cent. 

That  for  round  bars  up  to  14  inches  diameter,  21  tons  per  square  inch ; 
contraction  of  area  at  point  of  fracture  17  per  cent. 

That  for  round  bars  above  14  inches  diameter,  20  tons  per  square  inch; 
contraction  of  area  at  point  of  fracture  15  per  cent. 

Should  any  of  the  tests  be  lower  than  1  per  cent,  of  the  above  strains 
they  will  be  rejected.  Each  test  shall  be  taken  independently,  and  no 
average  of  results  taken. 

2.  Testing. — All  the  ironwork  will  be  subjected  to  such  teste  as  the 
engineer  may  direct,  at  the  contractor's  expense;  and  should  any  parts  fail 
or  DC  broken  in  the  testing,  or  be  objected  to  on  account  of  bad  workman- 
ship or  materials,  the  contractor  must  replace  the  same  at  his  own  cost. 

The  en^neer'must  be  advised  in  writing  when  any  considerable  quantity 
4)f  iron  is  m  the  contractor's  works. 
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3.  Setting  Out. — Before  any  setting  out  is  dose,  each  plate  must  pass 
through  the  rolls  three  times,  the  first  bending  to  a  cnrve,  and  the  following 
ones  straightening. 

4.  Planing,  Punehing,  and  Drilling.— All  plates  (and  bars  if  med 
instead  of  plates)  shall  be  machine-planed  on  all  edges,  and  the  joints 
in  every  case  shall  butt  evenly.  This  also  applies  to  flooring  plates, 
which  must  butt  all  along  their  four  sides  to  the  adjacent  plates.  When 
the  flange  is  formed  of  more  than  one  plate  in  thickness,  each  plate  must  be 

Elaned  to  the  same  width,  and  finish  straight  with  the  others.  All  rivet- 
oles,  except  those  specified  to  be  drilled,  shall  be  truly  punched  with  the 
overlapping  plates,  tees,  or  angles;  and  where  the  holes  in  flanges  are 
sjiecifiea  to  be  drilled,  the  whole  of  the  plates  must  be  put  together  and 
drilled  through  solid  (no  smaller  holes  having  been  previously  punched), 
after  which  the  sharp  arris  around  each  hofo  shall  be  taken  off  before 
anv  rivetting  is  commenced. 

rhe  rivet-iioles  in  all  diagonal  and  vertical  bracings  in  lattice  girders,  and 
cross-braciug  or  tees  in  solid-web  girders,  shall  be  <&illed  and  not  punched; 
and  all  tee-iron  stiffeners  or  gussets  and  angle  irons  shall  be  dressed-olf  flush 
with  the  flanges  top  and  bottom,  and  each  must  be  made  to  template  length 
in  order  that  the  flanges  may  be  quite  straight  and  without  wave  in  any 
way. 

5.  Rivetting. — No  rivetting  will  be  allowed  until  the  whole  girder  is 
put  together,  and  no  drifting  will  be  permitted.  All  rivets  shall  be  of  the 
sizes  and  pitch  shown  on  the  drawings,  and  must  be  upset  throughout  their 
whole  length,  aud  entirely  flll  all  the  hole. 

All  rivets  that  are  not  horizontal,  and  that  are  in  a  position  admitting  of 
it  sliall  be  upset  throughout  the  whole  length  of  the  work.  All  rivet-heada 
shall  be  of  the  proper  size,  and  shall  be  carefully  snapped,  both  heads 
bedding  truly  on  the  plates,  and  their  centres  coinciding  with  the  centre  line 
of  the  rivet.  Any  found  loose  or  imperfect  in  any  way  whatever  must  be 
cut  out  and  replaced  at  the  contractor's  expense.  All  the  wrought  iron- 
work shall  be  well  oiled  before  commencing  to  build  the  girders. 

All  rivets  on  bearings,  and  wherever  required  by  the  engineer,  shall  be 
countersunk,  and  all  countersunk  rivets  shall  have  their  holes  cut  to  the 
proper  shape  to  form  a  strong  head,  and  in  no  case  must  the  taper  of  the 
punch  be  taken  as  a  sufficient  spread  for  the  head. 

All  bolts  and  nuts  shall  be  of  the  best  scrap  iron,  and  shall  have  a  strong 
and  chased  head  cut  upon  them  of  uniform  pitch.  Heads  and  nuts  must  be 
hexagonal,  and  the  nuts  shall  have  a  washer  under  e^oh,  and  when  screwed 
up  shall  have  a  clear  thread  standing  through.  In  roof  work,  or  where 
specified,  all  bolt  holes  shall  be  drilled  true  to  template,  and  the  arrises 
taken  off,  and  the  bolts  shall  be  turned.  All  bolts  and  nuts,  and  the 
screwed  ends  of  tiie  rods,  &c.,  shall  be  made  to  Whitworth's  standard. 

6.  Cast-iron  Work.— The  metal  for  the  castings  shall  be  of  such  a 
mixture  of  irons  as  is  best  adapted  for  the  piu^st^  and  shall  be  such  that 
a  bar  1  inch  square  and  4^  feet  between  the  supports  shall  bear  without 
fracture  not  less  than  550  lbs  in  the  centre.  The  castings,  when  cold, 
must  be  of  the  pattern  and  dimensions  shown  on  the  drawings,  and  shaU 
be  cast  smooth,  with  sharp  arrises,  and  free  from  air-blows,  twists,  and 
flaws  of  every  description.  The  edges  of  all  road  plates,  as  well  as  all 
joints  and  bearing  areas,  shall  be  planed  to  an  even  surface. 
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7.  Testing  Cast  Iron.— The  contractor  shall  provide  for  the  use  of  the 
CDgineer,  for  testing  purposes,  bars,  each  5  ft.  long  and  1  in.  square  (giving 
an  exact  sectional  area  of  1  in.) ;  four  shall  be  cast  for  each  gird!er,  dtc,  from 
the  same  metal  and  melting  as  the  girders,  &c.,  are  beioff  run. 

Should  aoy  of  the  tests  be  lower  than  1  per  cent,  of  the  above  strains 
they  will  be  rejected.  Each  test  shall  be  taken  independently,  and  no 
averages  of  results  taken. 

8.  Columns.— All  columns  shall  be  cast  vertically,  and  in  dry  sand,  a 
head  of  metal  being  left  on  each  casting ;  and  for  the  purpose  of  gauging  ihe 
thickness  of  the  metal,  small  holes  shall  be  drilled  in  the  colunm  where 
directed,  and  the  thickness  of  metal  shall  be  uniform  in  all  parts  of  the 
circumference.  These  holes  shall  be  afterwards  filled  up  at  the  expense  of 
the  contractor. 

9.  Dimensions  and  Weights.— The  whole  of  the  iron  work  shall  be 
made  of  the  exact  dimensions  shown  on  the  respective  drawing ;  any  iron 
work  made  of  less  dimensions  than  those  shown  on  the  drawings  will  be 
rejected,  and  any  excess  of  weight  caused  by  the  given  dimensions  having 
been  exceeded  will  not  be  paid  for.  Before  being  sent  out  to  the  works  the 
whole  must  be  carefully  erected  and  fitted  together  in  the  maker's  yard, 
and  each  piece  numbered  or  lettered,  so  as  to  come  together  again  and  cor* 
respond  when  being  permanently  fixed  in  position. 

10.  Steel  Rollers.— If  steel  rollers  for  expansion  are  used,  they  must 
be  of  the  best  quality  steel,  and  shall  be  truly  turned  on  every  face,  each 
roller  being  of  the  same  diameter  in  order  to  insure  a  perfect  bearing  ;  care 
being  taken  that  room  is  left  at  each  end  for  the  girders  to  expand  or  con- 
tract, and  that  the  frame  is  left  in  the  centre  of  the  space  between  the  angle 
iron  stops  when  the  girder  is  brought  to  bear  upon  the  rollers.  Sliding 
plates  for  expansion  must  be  planed  on  their  faces  of  sliding  contact. 

11.  Steel. — ^The  quality  of  steel  shall  be  such  that  the  tensile  strength 
be  not  less  than  28  tons  per  s(^uare  inch,  with  an  elongation  of  not  less  than 
20  per  cent,  in  a  length  of  8  mches.  The  work  when  finished  shall  be  of 
the  best  description,  the  steel  being  of  Landore,  Siemens  Steel  Company, 
Bolton  Iron  and  Steel  Company,  West  Cumberland  Iron  and  Steel  Company, 
Colville  and  Company,  Motherwell,  Butterley  Company,  or  Steel  Company 
of  Scotland  manufacture. 

12.  Painting  Iron  Work.— The  inner  surfaces  of  all  nlatea,  bars,  &c., 
which  are  to  be  rivetted  together,  shall  be  well  coated  whilst  hot  with  best 
common  black  paint  before  joining.  The  whole  cast-  and  wrought-iron  work 
shall  have  four  coats  of  approved  colours  when  completed. 

The  underside  of  all  girders  and  road  plates,  where  directed,  shall  have 
four  coats  of  best  common  oil  paint  on  the  completion  of  the  bridge. 

The  iron  work  shall  not  be  painted  before  an  examination  of  it  has  been 
made  by  or  under  the  orders  of  the  engineer,  who  must  be  apprised  in 
writing  when  it  is  ready. 

13.  Seating  to  Girders— All  girders  shall  have  seatings  of  the  best 
hair  felt,  graduated  in  lengths  so  as  to  insure  the  pressure  being  on  the 
centre  of  bearing  when  the  greatest  load  is  on  the  girder. 

The  cast-iron  bed  plates  and  columns  shall  have  seatings  of  8  lbs.  lead  for 
the  full  length  of  their  bearings  on  masonry. 
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CHAPTER    XXXII. 

FOUNDATIONS    OF    BUILDINGS. 

In  ordinary  buildings  constructed  of  stone  or  brick  walls,  the 
pressure  on  the  foundations  is  fairly  evenly  distributed  over  a 
comparatively  large  area  of  ground  surface,  so  that  the  pressure 
per  square  foot  on  the  foundations  is  small,  and  does  not  caU 
lor  any  special  consideration,  except  when  the  ground  is  soft  or 
treacherous.  In  the  examples  of  lofty  buildings  of  enormous 
weight  supported  on  pillars  the  case,  however,  is  quite  different. 
In  such  buildings  as  much  as  1000  tons  may  come  on  the  foun- 
dation of  a  single  pillar ;  this  immense  pressure  being  exerted 
on  a  comparatively  small  area  of  ground  surface,  it  will  be 
apparent  that  special  means  will  have  to  be  adopted  for  insur- 
ing the  stability  of  such  a  foundation. 

A  case  in  point  occurs  in  the  Park  Row  building  in  New  York^ 
one  of  the  highest  buildings  in  the  world,  being  386  feet  from 
the  street  level  to  the  top  of  the  cupola.  It  has  thirty-two 
storeys,  and  contains  1000  offices,  having  accommodation  for 
4000  persons.  The  total  weight  of  the  building  is  estimated  at 
65,000  tons,  the  pressure  on  some  of  the  pillar  foundations  being 
as  much  as  1100  tons. 

This  structure  is  carried  on  round  timber  piles  of  spruce  from 
10  to  14  inches  in  diameter,  driven  into  a  sand  foundation  to  a 
depth  of  about  20  feet.  The  piles  are  placed  from  16  to  18  inches 
apart,  centre  to  centre,  and  are  driven  in  rows,  the  distance 
between  each  row  being  about  24  inches — centres.  The  load  on 
each  pile  does  not  exceed  16  tons,  and  the  heads  were  cut  off 
level,  concrete  being  filled  in  between  them  to  a  depth  of  irom 
12  to  16  inches,  the  surface  of  the  concrete  being  level  with  the 
tops  of  the  piles.  Upon  the  concrete  are  laid  granite  blocka 
which  receive  brick  piers,  which  in  their  turn  receive  the  grillage 
beams  and  distributing  girders.  Some  of  the  interior  pillars 
rest  directly  on  the  grillage  beams,  which  are  steel  rolled  joints. 
In  other  cases  distributing  girders  rest  on  the  grillage  beams  of 
two  or  more  of  the  foundations,  and  support  two  or  three  pillars. 
These  distributing  girders  are  massive  steel  riveted  girders  of 
the  box  form,  and  vary  in  length  from  20  to  47  feet,  and  in 
depth  from  6  to  8  feet,  some  of  them  weighing  as  much  aa 
47  tons. 
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This  example  of  a  building  is,  of  course,  an  extreme  case,  and 
the  engineer  or  architect  may  never  be  called  upon  to  consider 
«uch  enormous  loads  and  such  intricate  foundations;  yet  the 
general  principles  coming  into  operation  here  are,  in  a  modified 
way,  applicable  to  buildings  of  less  pretensions. 

In  preparing  a  foundation  the  first  thing  to  be  done  is  to 
examine  the  nature  of  the  ground  on  which  the  building  is  to 
be  erected.  It  is  not  often  that  the  surface  of  the  ground  is 
suitable  for  building  upon.  If  it  is  of  rock,  of  course  we  have 
all  that  is  necessary  so  far  as  stability  is  concerned.  It  is  the 
exception  and  not  the  rule,  however,  that  a  rocky  foundation  is 
to  be  met  with.  It  then  becomes  necessary  to  excavate  until 
a  reliable  foundation  is  reached.  As  to  what  constitutes  a 
reliable  substratum  is  a  matter  very  largely  the  result  of  prac- 
tical experience. 

Ordinary  foundations  may  be  ranged  under  three  classes, 
viz.  *: — 

1.  Foundations  in  rock,  or  in  some  material  whose  stability  is 
not  afiected  by  water. 

2.  Foundations  in  firm  earth,  under  which  are  included  such 
materials  as  sand,  gravel,  and  hard  clay. 

3.  Foundations  in  soft  earth. 

It  must  be  borne  in  mind  that  the  base  of  every  foundation 
should  be  as  nearly  as  possible  perpendicular  to  the  direction  of 
tlie  pressure  which  it  has  to  sustain;  and  moreover,  it  must  be 
of  sufficient  area  to  bear  that  pressure  with  safety. 

To  prepare  a  rock  foundation  for  being  built  upon  it  will  be 
necessary — (1)  To  cut  away  all  loose  and  decayed  parts  of  the 
rock.  (2)  To  cut  and  dress  the  rock  to  a  plane  surface,  or  to 
a  set  of  plane  surfaces  like  those  of  steps,  perpendicular  to  the 
direction  oH  the  pressure.  (3)  To  fill,  where  necessary,  hollows 
in  the  rock  with  concrete  or  rubble  masonry;  or  it  may  be 
advisable,  in  order  to  distribute  ttie  pressure,  to  cover  the  surface 
of  the  rock  with  a  layer  of  concrete  varying  in  thickness  from 
a  few  inches  to  several  feet. 

The  crushing  strength  of  rock  varies  considerably.  That  of 
chalk,  if  we  may  consider  this  material  a  rock,  is  as  low  as 
30  tons  per  square  foot. 

The  crushing  strength  of  different  kinds  of  sandstone  vary 
between  140  and  450  tons  per  square  foot;  that  of  limestone 
about  500  tons,  while  that  of  granite  or  basalt  is  as  high  as 
1000  tons  per  square  foot. 

The  intensity  of  the  working  pressure  on  a  rock  foundatioa 
*  Rankine. 
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should  in  no  case  exceed  one-tenth  of  the  pressure  which  would 
crush  it.  It  is  not  often  in  practice,  however,  that  the  actual 
pressure  on  a  rock,  or  indeed  any  foundation,  reaches  this  limit. 
Speaking  generally,  the  average  pressure  coming  on  a  fairly 
good  quality  of  rock  is  about  10  tons  per  square  foot  in  work 
which  has  been  executed ;  and  the  engineer  or  architect  might 
fix  in  his  mind  anything  up  to  20  tons  as  a  safe  rule  to  ;co  upon. 
On  weak  sandstone  which  is  so  soft  that  it  crumbles  in  the  hand, 
2  tons  is  sufficient  to  allow. 

We  next  come  to  the  consideration  of  foundations  laid  on^rw 
earthy  under  which  may  be  included  hard  clay,  clean  dry  gravel, 
and  clean  sharp  sand.  For  buildings  resting  on  such  foundations 
it  is  desirable,  in  this  country,  that  the  foundations  should  be 
carried  at  least  3  feet  below  the  surface  of  the  ground  for  sand 
or  gravel,  and  4  feet  for  clay,  in  order  that  they  may  not  be 
weakened  by  the  disintegrating  effects  of  frost  or  other  climatic 
conditions.  In  other  countries  where  greater  extremes  of  climate 
are  experienced  a  greater  depth  is  necessary.  The  practice  in 
Oermany,  for  example,  I  understand  is  that  for  foundations  of 
this  kind  the  depth  should  be  from  4  to  5  feet,  and  in  North 
America  from  4  to  6  feet. 

It  is  very  desirable  that  surface  water  should  be  kept  from 
such  foundations  by  constructing  suitable  drains. 

Different  authorities  vary  very  much  in  their  estimates  as  to 
what  working  pressure  it  is  desirable  to  place  on  this  class  of  foun- 
dations. The  German  engineers  recognise  2^  tons  per  square  foot 
as  a  suitable  pressure.  With  good  clay,  however,  sufficiently 
beneath  the  surface  of  the  ground  to  be  protected  from  atmo- 
spheric influences,  much  higher  pressures  can  be  safely  applied. 
The  main  piers  of  the  Tower  Bridge  in  London  rest  on  clay,  on 
which  they  exert  a  pressure  of  4  tons  per  square  foot.  At  a  large 
works  near  Manchester,  the  massive  steel  pillars,  which  are 
subject  to  vibratory  loads  from  passing  cranes,  exert  in  some 
cases  a  pressure  of  as  much  as  5  tons  per  square  foot  on  the 
clay,  and  no  settlement  has  been  observed.  In  other  buildings, 
no  doubt,  greater  pressures  exist,  but  this  is  the  limit  so  far 
as  my  experience  goes.  In  the  great  majority  of  structures 
built  on  clay  the  pressure  is  much  less.  That  of  the  Nelson 
column,  in  Trafalgar  Square,  London,  which  rests  on  clay  of 
great  depth  and  compactness,  does  not  exceed  1*3  tons  per 
square  foot.  In  preparing  this  foundation  an  excavation  of 
60  feet  square  and  12  deep  was  made  and  filled  with  concrete 
to  a  depth  of  6  feet;  on  this  base  a  irustrum  of  a  pyramid 
13  feet  high  was  built  in  brickwork,  on  which  the  superstructure 
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was  erected.  On  a  base  60  feet  square,  which  may  be  taken  as 
the  real  base  of  active  support,  the  gross  load  amounts  to 
4665  tons,  equivalent  to  1'3  tons,  as  already  stated.     I  think 

I  may  say  that  three  times  this  load  could  with  safety  be  placed 
on  this  foundation. 

Foundations  in  gravel  and  sand,  under  favourable  circum- 
stances, are  capable  of  bearing  heavy  loads.  The  Campanile  of 
Cremona  in  North  Italy,  395  feet  high,  standing  on  Pliocene 
gravel,  bears  with  a  pressure  of  12  tons  per  square  foot  on  its 
base. 

It  is  not  often  (that  water  is  injurious  to  a  gravel  foundation, 
as  it  can  percolate  through  freely;  but  with  sand  the  case  ia 
quite  different,  as  water  so  alters  this  material  as  to  make  it 
quite  useless  for  a  foundation.  The  obvious  tendency  of  sand 
saturated  with  water  is  to  escape  laterally  under  pressure.  If 
this  tendency  can  be  counteracted  by  any  means  it  may  be 
possible,  though  not  desirable,  to  utilise  a  foundation  of  this 
description.  8heet  piling  driven  round  a  foundation  often 
answers  the  purpose.  A  case  in  point  is  supplied  by  the  tower 
of  the  Hamburg  Waterworks.  This  tower  rises  about  290  feet 
above  the  surface  of  the  ground ;  it  is  built  of  brickwork,  and 
rests  on  a  circular  block  of  concrete  56  feet  in  diameter  and 

II  feet  thick.  This  in  its  turn  rests  on  quicksand  enclosed  by 
sheet  piling  driven  below  the  line  of  saturation  of  the  Elbe. 
The  gross  weight  supported  amounts  to  5310  tons,  which  gives 
a  pressure  of  about  2  tons  per  square  foot  on  the  quicksand. 

A  foundation  of  unequal  density  or  compressibility  is  one  to 
be  avoided.  When  of  equal  compressibility  any  subsidence 
which  takes  place  is  uniform  all  over  the  foundation,  and  the 
structure  erected  upon  it  is  not  materially  damaged ;  but  if  one 
part  of  the  foundation  is  more  compressible  than  another,  the 
structure  will  be  tilted  out  of  the  vertical,  and  cross  stresses 
will  be  produced  which  may  destroy  its  stability.  In  North 
Italy,  as  is  well  known,  a  number  of  leaning  towers  erected  so 
far  back  as  the  twelfth  and  thirteenth  centuries  exist,  and  the 
reason  assigned  in  the  majority  of  cases  for  these  being  out  of 
the  perpendicular  is  the  unequal  compressibility  of  the  founda- 
tions on  which  they  are  erected.  A  noted  example  occurs  in 
the  Campanile  or  leaning  tower  of  Pisa.  This  is  a  circular 
tower  178  feet  high,  weighing  11,800  tons,  with  a  base  60  feet 
in  diameter,  which  is  equivalent  to  a  pressure  of  more  than 
4  tons  per  square  foot. 

The  soil  under  the  foundation  is  of  unequal  density,  it  being 
more  compressible  in  the  direction  in  which  the  tower  leans. 
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That  the  settlement  took  place  during  the  progress  of  the  ^ork 
may  be  inferred  irom  the  presence  of  iron  bars  introduced  to 
hold  the  building  together. 

When  foundations  are  too  soft  for  building  upon,  and  when 
the  depth  is  too  great  for  excavating  to  a  reliable  material, 
special  means  in  the  case  of  heavy  loads  must  be  adopted.  One 
method,  already  referred  to,  is  that  used  in  the  tower  for  the 
Hamburg  Waterworks.  Another  method  is  to  consolidate  the 
ground  by  timber  piles,  which  was  the  plan  adopted  in  the  Park 
Row  building  at  New  York.  These  bearing  piles  act  as  pillars, 
each  supporting  its  own  weight  of  the  building.  They  may 
either  be  driven  through  the  soft  stratum  until  they  reach  a 
firm  stratum  underneath  and  penetrate  a  short  distance  into  it, 
or,  if  that  be  impracticable  owing  to  the  great  depth  of  the  soft 
stratum,  they  may  be  supported  wholly  by  friction  in  the  soft 
stratum.  The  safe  working  load  on  such  piles  is  given  at 
p.  420,  Chap.  XXIV. 

The  best  material  for  timber  piles  is  elm.  The  point  of  the 
pile  should  be  fitted  with  an  iron  shoe,  especially  if  stones  or 
other  impediments  are  to  be  met  with,  and  the  head  should  have 
an  iron  band  to  prevent  its  being  split  by  the  blows  of  the  ram. 
They  may  be  driven  by  hand  or  steam  power.  For  the  piers  of 
bridges  and  similar  structures,  iron-screw  piles,  cylinders,  or 
caissons  may  be  used  as  described  in  Chap.  XX IV. 

In  ordinary  steel  or  iron  structures  the  main  pillars  usually 
rest  on  concrete,  brickwork,  or  stone ;  and  sometimes  on  all 
three  in  combination.  When  used  in  combination  a  concrete 
block  is  first  laid,  upon  which  several  courses  of  brickwork  may 
be  built,  and,  lastly,  a  stone  slab,  placed  on  the  top.  It  is  not 
often,  however,  that  all  three  materials  are  used  together,  one 
or  two  generally  being  found  sufficient.  The  intensity  of  the 
pressure  on  the  ground  underneath  may  be  modified  to  the 
required  extent  by  increasing  the  area  of  the  concrete  block,  or 
by  stepping  out  to  the  necessary  extent  the  lower  courses  of  the 
brickwork. 

It  is  of  great  importance  that  the  engineer  should  be  con- 
versant with  the  working  loads  allowable  on  these  materials. 

The  working  pressure  allowed  on  concrete  foundations  of 
sufficient  thickness  varies  considerably,  according  to  the  q^a"*y 
and  the  age  of  the  concrete.  Generally  speaking,  it  may  be 
taken  aa  varying  between  2  and  10  tons  per  square  foot.  At  is 
not  often,  however,  in  work  that  has  been  executed  that  so  hign 
a  pressure  as  the  maximum  mentioned  exists  ;  from  1  to  D  tons 
being  most  general.     When  pressures  of  5  tons  and  upwaros 
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are  to  be  provided  for,  great  care  should  be  bestowed  on  the 
manufacture  of  the  concrete.  All  the  materiak  composing  it 
should  be  of  good  quality.  All  earthy  substances,  ashes,  soft 
broken  bricks,  or  greasy  matter  should  be  excliided ;  round 
smooth  gravel  or  stone  should  be  broken.  The  best  Portland 
cement  should  be  used,  and  ought  to  have  a  cohesive  strength 
of  400  lbs.  per  square  inch  after  seven  days  from  mixing.  The 
proportions  of  the  different  ingredients  should  be  four  parts  of 
broken  hard  brick  or  stone,  one  of  clean  sand,  and  one  of 
cement.  The  concrete  should  be  turned  over  twice  dry,  and 
three  times  wet,  and  well  rammed  in  12-inch  layers.  It  is  not 
advisable  to  send  the  ooncrete  down  a  shoot  or  drop  it  from  a 
height,  unless  it  is  afterwards  re- mixed,  as  the  larger  pieces  fall 
to  the  ground  first,  the  smaller  pieces  next,  and  last  of  all  the 
oementb  Whenever  used  under  water,  the  water  should  be  still ; 
a  current  will  carry  away  the  cement,  and  leave  only  the  ballast. 

The  crushing  strenpjth  of  bricks  varies  between  wide  limits. 
It  may  be  as  low  as  60  lbs.,  and  as  high  as  1700  lbs.  per  square 
inch.  Best  blue  bricks  show  a  strength  of  1200  lbs.,  while 
Stourbridge  fire  bricks  will  stand  1700  lbs.,  or  even  more. 
When  great  pressures  have  to  be  borne,  the  latter,  or  others 
similar  in  strength,  should  be  used.  It  is  desirable  in  a  brick 
foundation  that  not  only  should  the  quality  of  the  bricks  be 
good,  but  also  that  they  should  be  properly  laid  in  good  cement 
mortar.  Each  course  as  laid  should  be  well  rammed  down  and 
bedded,  leaving  the  layer  of  mortar  between  each  course  as  thin 
as  possible.  When  this  is  done,  it  is  extraordinary  what  heavy 
loads  brick  foundations  will  support. 

I  had  some  experiments  made  in  order  to  determine  what 
load  a  brick  pier  was  capable  of  sustaining  which  may  be  of 
some  interest.  The  test  was  made  on  a  block  of  good  red  brick- 
work 3  feet  1  inch  by  2  feet  11  inches,  and  1  foot  4  inches  thick. 
It  was  built  of  five  courses  bedded  in  cement  mortar,  the  bricks 
being  pressed  close  together,  with  a  thin  layer  of  cement 
between  them,  and  allowed  to  set  for  ten  days  before  the  test 
was  nkade.  The  pier  of  brickwork  was  inserted  betwe^i  two 
iron  plates,  and  placed  in  a  hydraulic  press,  the  area  of  pressure 
on  the  brickwork  being  5*8  square  feet.  Pressure  was  gradually 
applied  until  it  reached  622  tons,  which  is  equivalent  to  about 
117  tons  per  square  foot.  The  pressure  was  not  increased 
beyond  this  point,  as  the  press  was  incapable  of  anything 
greater.  Afk«r  the  brickwork  was  removed  and  examined,  it 
exhibited  no  signs  of  failure,  and  was  iqipazentLy  as  pesfect  as 
it  was  before  the  test. 
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According  to  the  Berlin  building  regulatioDS,  with  ordinary 
brickwork  set  in  lime  mortar  a  load  of  7  tons  per  square  foot  is 
allowable  for  a  working  pressure,  while  with  good  hard  bricks 
laid  in  cement  mortar  11  tons  per  square  foot  is  recognised. 
Generally  speaking,  in  this  country  anything  between  2  and 
10  tons  per  square  foot  is  the  practice. 

With  iron  or  steel  pillars  resting  on  stone,  brick,  or  concrete 
foundations,  there  is  another  very  important  matter,  frequently 
lost  sight  of,  which  should  receive  careful  attention,  and  that  is 
the  proper  beddiug  of  the  base  of  the  pillar.  When  it  rests  on 
a  block  of  stone,  the  stone  should  be  carefully  dressed  off  to  & 
level  surface,  and  the  bottom  snr&ce  of  the  base  of  the  pillar 
should  also  be  true.  Some  engineers  insist  upon  having  the 
latter  machined.  Even  with  these  precautions  a  layer  of  sheet 
lead  might,  in  very  important  work,  be  introduced  between  the 
two  surfaces. 

I  remember  several  years  ago  when  an  important  building' 
containing  some  large  cast-iron  supporting  columns  was  being 
erected  in  Manchester,  a  failure  arising  from  improper  bedding 
occurred.  One  day  it  was  discovered  that  the  cast-iron  base 
plate  of  one  of  the  main  pillars  was  fractured,  and  also  that  the 
stone  on  which  it  rested  was  cracked*  This  naturally  occasioned 
a  good  deal  of  anxiety  for  the  safety  of  the  building,  and  a 
celebrated  London  engineer  was  called  in  to  report  on  the 
matter.  He  discovered  that  the  failure  arose  from  imperfect 
bedding.  The  top  surface  of  the  stone,  instead  of  being  tooled 
to  a  level  surface,  was  hollow  towards  the  centre,  and  the  whole 
pressure  was  transmitted  to  three  oi  four  points  toward  the 
edges,  which  sufficiently  accounted  for  the  failure. 

With  concrete  and  brickwork  foundations,  a  good  plan,  when  it 
can  be  adopted,  is  to  bed  the  base  in  a  hard-setting  cement.  This 
can  conveniently  be  done  with  a  loose  base,  but  in  the  case  of 
steel-riveted  pillars,  where  the  base  it  an  integral  part  of  the 
pillar  itself,  it  cannot  be  satisfactorily  adopted.  The  m/oda^ 
operandi  in  such  cases  is  to  leave  the  surface  of  the  foundation 
rough,  and  to  place  the  pillar  upon  it  with  iron  wedges  inserted 
at  the  four  oomen.  By  means  of  these  wedges  the  pillar  can 
be  raised  to  the  right  level  and  made  plumb.  Wlien  this  is 
done  liquid  cement,  which  sets  hard,  should  be  carefully  run 
underneath.  This  effectually  fills  up  all  inequalities,  and  evenly 
distributes  the  pressure  over  the  foundation. 
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Sectional  Abeas  of  Angles 

}  IN  Square  Inches. 

n 

Thiokneu  in  Inchea. 

A 

i 

tV 

i 

A 

i 

A 

i 

H 

} 

« 

i 

I 

•340 

•438 

•628 

•610 

•684 

•760 

H 

•434 

•663 

•684 

•797 

•903 

100 

109 

H 

•627 

•688 

•831 

•985 

112 

125 

137 

1-48 

IS 

•621 

•813 

•987 

111 

1-34 

1-60 

1-65 

179 

1-93 

2 

•715 

•938 

116 

136 

1-66 

1-76 

1-93 

211 

227 

2i 

•809 

1-06 

1^31 

1-66 

1^78 

200 

2-21 

242 

2-62 

2-81 

2* 

•902 

1-19 

1-46 

1-73 

200 

226 

249 

2-73 

2-96 

3  18 

2i 

•996 

131 

1-62 

1-92 

2^21 

2-30 

2-78 

305 

3-31 

366 

3 

ro9 

1-44 

1-78 

211 

2-43 

2-75 

306 

3-36 

3-65 

393 

4-21 

3i 

118 

1-56 

1-93 

230 

2-65 

3^00 

3-34 

3-67 

3-99 

4-31 

4-62 

3i 

1^28 

169 

209 

2-48 

2-87 

3-25 

3-62 

3-98 

4-34 

4-68 

5^03 

3} 

1-37 

r8i 

2-25 

2-67 

3-09 

3-50 

3^90 

4-29 

4-68 

5^06 

6  43 

4 

1-46 

1*94 

2-40 

2-86 

3-31 

3-76 

418 

4^61 

5-02 

5-43 

5-84 

6-23 

4i 

1-66 

206 

2-66 

3-05 

3-62 

400 

4-46 

4-92 

537 

5^81 

6-25 

667 

** 

1-66 

119 

2-71 

3^23 

374 

4-25 

4-76 

6-23 

5-71' 

618 

6-66 

711 

*J 

176 

2-31 

2-87 

3*42 

395 

450 

503 

554 

6-06 

6-56 

7-06 

7-55 

6 

1-84 

244 

303 

3-61 

4-18 

4-75 

531 

5-86 

6^40 

6*93 

7^46 

7-98 

6i 

1-93 

2-56 

3^18 

380 

4-40 

600 

6  59 

617 

6-74 

731 

7*87 

8*42 

61 

203 

2-69 

3  34 

398 

4-62 

6-25 

587 

6-48 

7  09 

7-68 

8-28 

8-86 

6J 

212 

2-81 

360 

4-17 

4^84 

6-60 

616 

6^80 

7-43 

8^06 

8^68 

0-30 

e 

221 

2-95 

3-65 

4-36 

5-06 

5-76 

6-43 

7-01 

7^77 

843 

9-09 

9-73 
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Weight  or  Steel  Angles  ik  Lbs.  peb  Foot. 


n 

1 

Thickness  In  Inohes. 

A 

i 

A 

t 

A 

i 

A 

1 

H 

1 

H 

4 

116 

1-48 

1-79 

2-07 

2-32 

2-66 

u 

1-47 

1-91 

2-32 

2-70 

3  07 

3-39 

3-70 

1* 

1-79 

2-34 

2-85 

3-.34 

3-81 

4-25 

4-65 

6-04 

11 

211 

2-77 

338 

3-97 

4-65 

6-10 

6-61 

610 

6-56 

2 

2-42 

319 

3-91 

4  62 

6-30 

6-94 

6-66 

7-17 

7-73 

21 

2-74 

3-62 

4-44 

6-25 

6-04 

6-79 

7-62 

8-23 

8-89 

9-66 

24 

306 

4-03 

4-97 

6-89 

6-79 

7-65 

8-47 

9-29 

1006 

10-83 

21 

3-38 

4-46 

6-50 

6-62 

7-63 

8-49 

9-43 

10-36 

11-24 

1210 

3 

3-70 

4-88 

6  04 

7-17 

8-27 

9-35 

10-39 

11-41 

12-41 

13-38 

14-43 

3i 

4-01 

5-31 

6-57 

7-80 

9-01 

10-20 

11-35 

12-47 

13-57 

14-65 

16-71 

H 

4-33 

6-73 

710 

8-44 

9-76 

1104 

12-30 

13-54 

14-74 

15-93 

17-09 

3} 

4-66 

616 

7-63 

907 

10-50 

11-89 

13-26 

14-60 

16-91 

17-20 

18-48 

4 

4-97 

6-58 

817 

9-72 

11-26 

12-75 

14-21 

16-65 

17-08 

18-48 

19*85 

21-19 

4i 

6-29 

7-01 

8-72 

10  36 

11-99 

13-59 

1617 

16-72 

18-24 

19-75 

21-23 

22-68 

4i 

5-61 

7-43 

9-23 

10-99 

12-73 

14-44 

1612 

17-79 

19-42 

21-03 

22-62 

24-16 

4? 

5-93 

7-86 

9-76 

11-62 

13-48 

15-30 

17-08 

18-85 

20-68 

22-30 

2400 

26-65 

6 

6-26 

8-29 

10-29 

12-27 

14-22 

16-14 

18*04 

19-92 

21-76 

23-58 

26-38 

27-14 

6i 

6-56 

8-72 

10-82 

12-90 

14-97 

16-99 

19-00 

20-98 

22-93 

24-86 

26-76 

28-63 

5i 

6-88 

913 

11-36 

13-54 

16-71 

17-83 

19-95 

22  04 

24-10 

26-13 

28-16 

30-12 

61 

7-21 

9-56 

11-89 

14-17 

16-46 

18-69 

20-91 

2311 

26-27 

27-40 

29-62 

31-60 

6 

7-62 

9-98 

12-42 

14-82 

17-20 

19-66 

21-86 

24-17 

26-43 

28-68 

30-90 

3309 

32 
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Weight  or  Stsbl  Fi^t  Bars  in  Lbs.  per  Foot. 


Thickness  in  Inches. 

i 

A 

i 

A 

i 

A 

1 

} 

i 

1 

1 

0-84 

106 

1-27 

1-48 

1-70 

1-90 

212 

2-55 

2-97 

3-40 

H 

0-94 

119 

1-42 

1-67 

1-90 

213 

2-38 

2*86 

3-34 

3*82 

H 

106 

1-32 

1-69 

1-85 

212 

2-38 

2-65 

319 

3-72 

4*25 

i| 

1-16 

1-45 

1-75 

2-04 

2-33 

2-61 

2-92 

3-50 

4-09 

4*68 

U 

1-27 

1-69 

1-90 

2*23 

2*55 

2-86 

3-19 

3-82 

4-46 

510 

H 

1-37 

1-72 

207 

241 

2-76 

309 

3-45 

4-15 

4-79 

5-53 

ij 

1-48 

1-85 

2-23 

2-60 

2-97 

3-33 

3-72 

4-46 

5-21 

6*95 

ij 

1-69 

1-98 

2-38 

2-79 

319 

3-57 

3-98 

4-78 

6-57 

6*38 

2 

1-70 

212 

2-65 

2-97 

3-40 

3-82 

4-25 

511 

5-97 

6-81 

2* 

1-80 

2-26 

2-71 

316 

3-62 

405 

4-51 

5-42 

6-33 

7*24 

2i 

1-90 

2-38 

2-86 

334 

3-83 

4-28 

4-78 

5-74 

6-70 

7*67 

21 

2-01 

2-51 

3-02 

3-68 

403 

4-52 

504 

606 

7-07 

8*08 

2J 

2*12 

2-66 

319 

3-72 

4-26 

4-77 

5-31 

6-38 

7-44 

8*51 

2| 

2-23 

2-79 

3  34 

3  90 

4-46 

5  02 

5-57 

6-70 

7-82^ 

8-94 

2} 

2-33 

2-92 

3-60 

409 

4-68 

5-25 

5-85 

701 

8-1 « 

9-36 

2i 

2-44 

306 

3-67 

4-28 

4-89 

6 -50 

612 

7-34 

8-5tB 

9*79 

3 

2-65 

319 

3-82 

4-46 

511 

5-74 

6-38 

7*66 

8-9^ 

10-22 

H 

2-76 

3*45 

4-16 

4*83 

5-53 

6-21 

6-91 

8-30 

9-67 

11-07 

34 

2-97 

3-72 

4-46 

6-21 

5-95 

6-69 

7-44 

8-93 

10-43 

Ll*92 

3J 

3-19 

3-98 

4-77 

5-57 

6-38 

7  17 

7-97 

9-57 

1116 

mn 

4 

3-40 

4-25 

510 

5-95 

6-81 

7-65 

8-51 

10-22 

11-92 

1^-62 

4i 

3*61 

4-51 

6-42 

6-33 

7-23 

8-12 

9-04 

10-85 

12-66 

14147 

H 

3-82 

478 

5-74 

6-70 

7*66 

8-60 

9-57 

11-49 

13-41 

15-lp 

4} 

403 

5-04 

6-06 

7-07 

8-08 

907 

1010 

12-12 

1416 

16*lfc 

6 

4*25 

6-31 

6-38 

7-44 

8-51 

9-66 

10-64 

12-77 

14-90 

17*03% 

H 

4*46 

5-67 

C-70 

7-82 

8-93 

1003 

1117 

13-40 

15-64 

17*88  ' 

64 

4-68 

5  84 

7  01 

8-19 

9-36 

10-52 

11-70 

14-04 

16*39 

18*73 

H 

4-89 

612 

7-34 

8-66 

9-79 

1101 

12-24 

14-68 

17-13 

19*68 

6 

611 

6-37 

7 -60 

8-93 

10-22 

11-48 

12-78 

15-33 

17-88 

20*45 
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Wmioht  <Nr  Wrought  Ibov  Square  and  Bouxd  Barb 
PER  Lineal  Foot  in  Lbs. 


Side  or 
Diameter 
In  Inches. 

SqnareBArs. 

Bound  Bars. 

Side  or 
Diameter 
in  Inches. 

Square  Ban. 

BonndBan. 

i 

•209 

•164 

n 

15  08 

11-84 

A 

•826 

-256 

2* 

16*91 

13-27 

1 

•470 

-369 

n 

18-84 

14-79 

A 

•640 

•602 

n 

20-87 

16-39 

i 

•835 

•656 

^ 

23^11 

18-07 

A 

1-057 

-831 

2J 

25-26 

19-84 

1 

1-305 

1025 

^ 

27-61 

21-68 

a 

1-679 

1-241 

3 

30-07 

23-60 

i 

1-879 

1476 

H 

35-28 

2770 

a 

2-206 

1-732 

^ 

40-91 

3213 

i 

2-556 

2-011 

3} 

46-97 

36-89 

» 

2-936 

2306 

4 

53-44 

41-97 

1 

3-34 

2-62 

4i 

60*32 

47-38 

H 

4-22 

3-32 

4i 

67*63 

63-12 

U 

5-25 

409 

4J 

75*85 

59-18 

li 

6-35 

4-96 

5 

83-51 

65*58 

H 

751 

5-90 

H 

92-46 

72-30 

H 

8-82 

6-92 

54 

101-03 

79-36 

ij 

10-29 

8-03 

H 

110-43 

86-73 

U 

11-74 

9-22 

6 

120-24 

94-43 

2 

13-36 

10-49 

7 

163-66 

128-53 
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Wkioht  or  A  LiNBAL  Foot  op  Cast-Iron  Pipes  in  Lbs. 


Dlunetar 

of  Bore  Id 

iDObes. 

ThlckneM  Of  Metal  In  Inches.                                    1 

• 

i 

1 

i 

i 

i 

i 

1 

H 

n 

1 

31 

61 

7-4 

10-0 

12-9 

16-1 

19  6 

23-6 

21^ 

U 

3-7 

60 

8-6 

11-5 

14-7 

18  3 

22-1 

26-2 

30-7 

14 

4-3 

6-9 

9-8 

130 

16-6 

20-4 

24-6 

290 

33  7 

It 

4-9 

7-8 

111 

14-6 

18-4 

22-6 

27  O 

31-8 

36-8 

2 

5-5 

8-8 

12*3 

161 

20-3 

24-7 

29-6 

34-6 

39-9 

21 

61 

9-7 

13-5 

17-6 

221 

26-8 

31-9 

37  3 

430 

24 

6-7 

10-6 

14*7 

19-2 

23-9 

280 

34-4 

40O 

460 

2} 

7-4 

11-6 

16-0 

20-7 

25  7 

31-1 

36-8 

42*8 

491 

3 

80 

12-4 

17-2 

22-2 

27-6 

33-3 

39-3 

450 

62-2 

»t 

8-6 

13-3 

18-4 

23  8 

29-6 

35-4 

41-7 

48-3 

65-2 

3i 

9-2 

14-2 

19-6 

25-3 

313 

37-6 

44-2 

511 

68-3 

3J 

9-8 

16-2 

20-9 

26-9 

331 

39-7 

46-6 

53-8 

61-4 

4 

10-4 

161 

22-1 

28-4 

350 

41-9 

491 

660 

64-4 

*i 

111 

17-1 

23-4 

30-0 

36-9 

441 

51-6 

69-4 

670 

4 

11-7 

180 

24-6 

31-4 

38-7 

46-2 

640 

C21 

70-6 

41 

12-3 

18*9 

25-8 

330 

40-5 

48-3 

56-6 

64-9 

730 

6 

12-9 

19-8 

27-0 

34-0 

42-3 

60-5 

58-9 

670 

76-7 

6i 

13-5 

20-7 

28-2 

361 

44-2 

52-6 

61-4 

70-4 

79-8 

5J 

141 

21-6 

29-6 

37-6 

46  0 

64-8 

63  8 

73-2 

82*8 

6J 

14-7 

22-6 

30-7 

391 

47-9 

66-9 

66-3 

760 

850 

« 

15-3 

23-5 

31-9 

40-7 

49-7 

69-1 

68-7 

78-7 

88-8 

61 

16-0 

24-4 

331 

42-2 

61-5 

61-2 

71-2 

81-2 

920 

6i 

16-6 

26-3 

34-4 

43-7 

53-4 

63-4 

73-4 

84-2 

951 

»i 

17  2 

26-2 

35-6 

45-3 

65-2 

65-3 

761 

870 

98-2 

7 

17-8 

27-2 

36-8 

46-8 

66-8 

67-7 

78-6 

89-7 

101-2 

7i 

18-4 

281 

381 

48-1 

58-9 

69-8 

81 0 

92-6 

104-3 

74 

190 

29  0 

391 

49-9 

60-7 

720 

83-5 

95-3 

107-4 

7J 

19-6 

297 

40-5 

51-4 

62-6 

741 

85-9 

980 

110-6 
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Weight  ov  a  Linxal  Foot  ot  Gaot-Ibon  Pipss  ik  Lbs.  (cofUimied), 


IMameter 
Inches. 

Thickneu  of  Hetal  In  Inches. 

i 

i 

4 

ft 

} 

i 

1 

H 

H 

8 

20-0 

30*8 

41-7 

52-9 

64-4 

76-2 

88-4 

100-8 

113-5 

H 

20-9 

31-7 

43-0 

54-5 

66-3 

78-4 

90-8 

103*6 

116-6 

^ 

21-7 

32-9 

44-4 

56-2 

68-3 

80-8 

93-6 

106-6 

119-9 

8! 

221 

33-6 

45-4 

57-6 

700 

82-7 

95-7 

109-1 

1227 

9 

22-7 

34-5 

46-6 

591 

71-8 

84-8 

98-2 

111-8 

125-8 

9i 

23-3 

35-4 

47-9 

60-6 

73-6 

87-0 

100-6 

114-6 

128-9 

H 

23-9 

36-4 

491 

621 

75-6 

891 

1031 

117-4 

131-9 

9i 

24-6 

37-3 

60-3 

637 

77-3 

91-3 

105-5 

1201 

135-0 

10 

25-2 

38-2 

61-6 

65-2 

79-2 

93-4 

108-0 

122-8 

138-1 

lOi 

26-8 

391 

62-8 

66-7 

81-0 

95-6 

110-4 

125-6 

1411 

1(H 

26-4 

400 

640 

68-3 

82-8 

97-7 

112-9 

128-4 

144-2 

lOf 

27-0 

41-0 

55-2 

69-8 

84-7 

99-9 

115-4 

131-2 

147-3 

11 

27-6 

41-9 

56-5 

71-3 

86-5 

102-0 

117-8 

133-9 

150-3 

Hi 

282 

42*8 

577 

72-9 

88-4 

104-2 

120-3 

1367 

153-4 

11* 

28-8 

43-7 

58-9 

74-4 

90-2 

106-3 

122-7 

139-4 

156-4 

iij 

29-6 

44-6 

601 

76  9 

920 

108-5 

125-2 

142-2 

159-5 

12 

301 

45-6 

61-4 

77-5 

93-6 

110-6 

127-6 

145-0 

162-6 

13 

82-7 

101-2 

118-2 

137-4 

1541 

173-5 

14 

89-3 

108-2 

126-5 

146-2 

165-3 

186-2 

15 

95-2 

115-7 

135-3 

156-2 

176-2 

198-1 

16 

123-3 

143-1 

166-1 

187-5 

211-8 

17 

130-2 

152-6 

178-5 

198-2 

2234 

18 

137  0 

161-2 

185-3 

2091 

235-6 

19 

169-2 

195-7 

222-3 

247-1 

20 

178-1 

205-2 

233-2 

2690 

21 

214-1 

243-5 

273-2 

22 

2230 

254-8 

285-4 

23 

233-4 

266-6 

298-3 

24 

245-2 

277-5 

310-6 
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Abutments  of  bridges,  52,  419. 
Admiralty  (English)  tests  for  steel, 

„         (French)         „  89. 

American  experiments  on  iron  and 
steel  struts,  211. 
f,         roles  for   proportions  of 
forged  eyes,  389. 
„  „       for  wind-pressare, 

466. 
Angle  bars,  sectional  area  of,  489. 
„     iron  and  steel  struts,  strength 
of,  209,  211,  212. 
Annealing  chains,  474. 
„         forging,  34. 
„        iron  wire,  34. 
„        punched  plates,  395,  396. 
„         steel,  40. 
Arched  ribs  for  roofs,  352. 
Arches,  braced,  307,  312-318. 

,,      effect  of  changes  of  temper- 
ature on,  307. 
hinging,  308-316, 
353. 
„      linear,  308. 
„      rigid,  308. 
,,      stresses  on,  307-318. 
Asphalte,  weight  of,  407. 
Atmospheric  action  on  galvanised 

sheets,  358. 
Auxiliary     girders    in     suspension 
bridges,  455. 


B. 


Bars  exposed  to  moving  loads,  411. 
,,     intermittent  loads  on,  22. 
„     transverse   strength    of   cast- 
iron,  166,  167,  168. 


Bascules,  457. 

Beams,  bending  moments  in,  66-121. 
classification  of,  51. 
continuous,  52,  61,  103. 
„       of  uniform  sectioB, 

63,  104. 
„       ofuniformstrengih, 
66,  107. 
deflection  of,  13,  368. 

„  for  moving  loads, 

412. 
fixed  at  the  ends,  91. 
internal  stresses  in  fibres  of, 

151. 
of  various  sections,  moment 

of  inertia  of,  149. 
shearing  stresses  in,  121-136. 
solid,    discrepancies    in 
strength  of,  162. 
Bearing  surfaces,  190,  416,  421. 
Bedding  for  foundations,  495. 
Bending  moments  in  beams  fixed  at 

the  ends,  91. 
Bending  moments  in  beams  with  in- 
termediate supports,  95. 
Bending  moments  in  cantilevers,  84. 
„  ,,        in  continuous 

beams,  103. 
„  „        in  simple  beams  for 

fixedload8,66-84. 
„  „        in  simple  beamsfor 

moving  loads, 
110-121. 
Birmingham  wire  ffauge,  358. 
Board  of  Trade  rules  for  stresses  in 

cast-iron  bridges,  416. 
Board  of  Trade  rules  for  stresses  in 

wrought-iron  bridges,  417. 
Board  of  Trade  rules  for  stresses  in 

steel  bridges,  418. 
Board   of   Trade  rules   for   wind^ 
pressure,  466. 
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Bollman  trusses,  defects  of,  222. 
„  stresses  Id,  214. 

Bow's  method  of  lettering  diagrams, 

237. 
Bowstring  girders,  relative  economy 
of,  461. 
„  „       stresses  in,  277. 

„  „       used    as    arches, 

308. 
,,         roof  trusses,  340. 
Box  girders,  429. 
Braced  arches,  307,  312-318. 
„      girders,  214. 
,,     semi-arches,  315. 
Braces,  214. 

Bracinff,  wind,  for  roofs,  352. 
Brick  foundations,  494. 
Brickwork,  weight  of,  10,  407. 
Bridges,  cantilever,  403. 
„        cast-iron,  425. 
„  „         stresses  on,  415. 

„      different  kinds  of,  402. 
„       dimensions  of,  405. 
„       erectioa  of^  476. 
„       exposed  to  loads  in  rapid 

motion,  411. 
„       floors  of   (iron  and   steel), 

436. 
ff  n         (timber),  434. 

„       lifting,  459. 
„       loads  on,  405. 
, ,       longitudinal  stresses  in,  414. 
„       movable,  456. 
„       particulars  required  for  de- 

siffning,  403. 
,»       platioriis  of,  430. 
„       pontoon,  459. 
„       public  road,  loads  on,  407. 
,,       rail-bearers  of,  433. 
„       railway,  loads  on,  408. 
^,       side  stresses  on,  413. 
V       „       steel,  working  stresses  on, 
^>.  418. 

„       stresses  on,  from  centrifugal 

force,  413. 
>»       suspension,  443. 
f,      swing,  457. 
»»       traversing,  459. 
„       weight  of,  459. 
},       WTought-iron  and  steel,  426. 
if       wrought-iron     and     steel, 
working  stresses  on,  417. 
Buckled  plates^  437-439. 


Cables  of  suspension  bridges,  451, 

453. 
Caissons,  420. 
Camber  in  girders,  370. 
Cantilevers,  52. 

„  bending  moments  in,  84. 

„  shearing  stresses  in,  127. 

Castings,  American,  superior  strength 

of,  31. 

„        chilled,   superior   strength 

of,  29. 
„        relative  strength  of  small 

and  large,  ^. 
„        steel,  39. 
CSast-iron  girders,  proportions,  425. 
M  „        strength  of ,  29,  30tr 

483,  487. 
„       flooring  plates,  435. 
„       pipes,  weight  of,  493. 
„       unreliable  nature  of,  27. 
„       varieties  of,  27. 
,,       working  stresses  on,  196» 
416. 
Catenary  curve,  443. 
Centre  of  gravity  of  plane  surfaces^ 

,,  practical    method 

of  finding,  139. 
Centrifugal  force,  413. 
Chains,  close-link  and  studded-link, 
47.3. 
„      fatigue  of,  473. 
,,      ultimate     strength,      proof 
stress,  and  working  stress 
of,  474. 
„      weight  of,  475. 
Clay,  weight  of,  10. 
Coefficient  of  expansion  for  increase 

of  temperature,  36. 
Coffer-dams,  420. 
Columns,  cast-iron,  188-204. 
„        casting  of,  197. 
, ,        Gordon's  rules  for  strength 

of,  198,  202,  205,  212. 
„       Hodgkinson's     rules    for. 
190  202. 
long,  188,  189,  190. 
„        of  medium  length,  188. 
„        of  -|-  and  H-section,  198. 
„        proportions    of  cast-iron» 
196. 
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Colnnms,  Rankine's  roles  for,  203- 
206. 
„  safe  working  IocmI  on,  106. 

„  ahort,  188. 

M  steel,  212-214. 

„  with    ronnded    and    flat 

ends,  189. 
„  wrought-iron,  204-211. 

Compound  girders,  427. 
Concrete  for  f oundationa,  489,  493. 

„        weight  of,  407. 
ContinnoQs    girders,    ambiguity   of 
stresses   in, 
62. 
ft  i»        points  of   in- 

flexion in, 
104. 
„  „        relative  econ- 

omy of,  462. 
Corrosion  in  iron  and  steel,  d67>  428, 

456. 
Corrugated  iron  covering  for  roofs, 
356. 
„  „     flooring  for  bridges, 

439. 
Cotters,  390-392. 

Counterbracing  lattioe  drders,  276. 
Covers  for  joints  in  girders,  386. 
Cranes,  derrick,  299,  470. 
„       jib.  291. 
„       lattice,  305. 
„       Scotch,  299,  471. 
„        wharf,  304. 
,y       with  rolling  loads,  301. 
CroM-girders,  417,  432. 

„  weight  of,  433. 

Crushing  strength  of  brickwork,  494. 
„  „  rock,  490. 

„  „  steel,  37. 

Curved  road  plates,  435. 
„       roof  trusses,  339. 
Pylinders  for  piers,  423. 


D. 

Deflection  of  beams  and  girders, 
13,365. 

Deflection  of  beamsandgirders,  deter- 
mining modulus  of  elMticity  by,  12. 

Deflection  of  beams  and  girders  not 
afiected  by  kind  of  web,  366. 

Depth  of  girders,  426,  427. 


Derrick  crane,  299,  470. 
Desiccating    process   for    seasoning 

timber,  26. 
Diagrams  of  bending  moments,  69-74, 
80-82,  85-99,  106^  115, 
„        shearing    stresses,    121* 

135. 
„        stress  for  Bollman  tmss^ 

218. 

„  „       braced  arches, 

313,316,317. 

„  „      braced  girder» 

with  curved 

flanges,  278, 

284,288,289. 

„  „      Linville  trusses, 

264,  273. 
n  i$       roof  trusses, 

322,324,325, 
327,329-343. 
„  „       suspension 

bridges,  444, 
448,450. 
„  tf     Warren  girders, 

234,238,244, 
248,250,251, 
256. 
Dredge*ssystem  of  suspension  bridges, 

448. 
Drilling  iron  and  steel  plates,  395. 
„      weakening  efiect  of,  393. 
Driving  piles,  420. 

Dynamic  effect  of  loads  on  beams, 
411-415. 


Earth,  weight  of,  lO. 

Economy    (relative)    of   bridges   of 

different  designs,  462. 
Elasticity,  a  measure  of  strength, 
12,  18. 
„  Hooke's  law  of,  12. 

„  limits  of,  11. 

„  modulus  of,  £,  12. 

„  of  steel,  38. 

Engines  (railway),  weight  of,  408. 
Equilibrium,  44. 

, ,  curve  of,  in  rigid  arches. 


of  three  forces,  45. 
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ErectioD  of  bridgM,  476. 

„  ,,        by  building  out, 

480. 
„  „        by  floating  478. 

„  „        by  rolling  over, 

479. 
>f  M        upon  staging, 

478. 
Erection  of  buildings,  481. 

,,      cost  of,  481. 
Expansion  due  to  increase  of  tern- 

perature,  85,  307. 
Experiments  by  Wohler,  23. 

,,         on  eye- bars,  388,  390. 
„  on  iron  bars,  22,  166. 

„         on  punching  and  drilling 

plates,  393-396. 
, ,         on  the  strength  of  rivets, 

401. 
y,         on     wrought-iron     co- 
lumns, 208. 
„         on  wrought-iron  plates 

and  bars,  32,  35. 
„         on  wrought-iron  struts 
(Christie),  211,  212. 
External  loads  on  structures,  1,  52, 

292. 
Eye-bars,  best  proportions  of,  388. 
„      rules  of  American  engineers, 
389. 


F, 

Factor  of  safety,  16,  17,  415. 

„         „         for    cast-iron    co- 
lumns, 196. 
Fatigue  of  chains,  473. 

,,         materials,  21. 
Felt  covering  for  roofs,  362. 
Fink  truss,  §25-233. 
Fish-bellied  girders,  286. 
Flanges  of  girders,  426. 
Flooring,  iron,  of  bridges,  435. 
„       Lindsay's  patent,  439-443. 
„       timber,  for  bridges,  434. 
„       trough  and  corrugated,  439- 
443,  485. 
Floors  of  building,  loads  on,  182. 
Forces,  compressive  and  tensile,  43. 
„      mechanical,  42. 
„      resolution  of,  47. 
,,      supporting,  of  beams,  62-61. 


Forces,   supporting,   of    continuous 

beams,  61-66. 
Forth  bridge,  stresses  on,  463. 
Foundations,  489-495. 

,,  preparation  of,  490. 

,,  timber,  419,  489. 

Frendi  rules  for  strength  of  steel,  39. 
„         for  working  stresses  on 

oast-iron,  416. 
„         for  working  stresses  on 
wrought-ux)n  railway 
bridges,  418. 


6. 

Galvanised  sheets  for  roofs,  357. 
Girders,   auxiliary,    for   suspension 
bridges,  455. 
bowBtnng,  277,  340,  461. 
„        box,  429. 
„        camber  of,  370. 
„        cantilever,  52,  84-103,  127- 

130. 
„        continuous,  52,  61-66,  103- 

110,  462. 
,,        cross,  of  bridges,  417,  432, 

433. 
„        curved,  277. 
„        deflection  of,  13,  368,  412. 
„        depth  of,  426. 
„        lattice,  258. 
„        Linville,  262-276. 
„        of   different   materials  in 

combination,  427. 
„        of  uniform  section,  65,  91, 

105. 
„  „  strength,     66, 

107. 
,,        plate- web,  427. 

roUed,  180-186,  429. 
„        tubular,  430. 

Warren,  233-258. 
„        weight  of,  459. 
Glass  covering  for  roofs,  362. 
Gkrdon's  rules  for  the  strength  of 

columns,  198,  202,  205,  212. 
Granite,  weight  of,  9,  407. 
Graphic  system  as  applied  to  struc- 
tures, 45. 
Gravel  foundations,  492. 
Gravity,  oentre  of,  136. 
Gyration,  radius  of,  203-fiOO. 
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H- 

Heat,  effect  of.    See  "Expansion.** 

Hemp  ropes,  471. 

Hinges  in  arched  ribs,  908-315,  353. 

„      in  anziliary  eirders,  454. 
Hodgkinson's  rules  for  the  strength 

of  colnmns,  190,  202. 
Hooke's  law  of  elasticity,  12. 
Hydraulic  pressure  applied  to  steel, 
40. 
„        riyetters,  399. 


Impact,  effects  of,  21-24. 
Inertia,  moment  of,  140. 

„  „         table  of,  for  beams 

of   different 
sections,    149- 
161. 
Inflexion,  points  of^  103. 
Intermediate  bearers  of  bridges,  433. 
Iron,  cast,  as  used  in  structures,  27. 
„      „    strength  of,  28-31. 
„    corrosion  of,  357,  428,  456. 
„    wire,  34. 
„    wrought)  as  used  in  structures, 

31. 
„         „        strength  of,  32-35. 
„  „        testing,  31. 


J. 

Jib  cranes,  291. 
Joints,  butt,  382. 

„      by  cotters,  390. 

„      by  pins,  387. 

,,      in  flanges  of  girders,  385. 

„      Up,  377. 

y,      proportions  of,  379. 

„      relative  economy  of,  381. 
Joisto,  zoUed.  180,  429. 


K. 

Kdnnedy'S   experiments    on    per- 
forated plates,  396. 
King-posts  in  timber  roof,  364. 


Lap-joints,  strength  of,  377. 
Lateral  adhesion  of  fibres,  theory  of, 

164. 
Lattice  crane,  305. 

„      girders,  camber  in,  373. 

„  „       various  types  of,  258. 

Lead-covering  for  roofs,  3o2. 
Lever,  principle  of,  44. 
Lifting-oridges,  459. 
Limestone,  weight  of,  9,  407. 
Limit  of  pressure  on  foundations, 

491. 
Lindsay's  steel  flooring,  439-443. 
Linear  arches,  308. 
Line  of  pressures  in  arches,  308. 
Links  of  suspension  bridges,  387, 451. 
LinviUe  truss,  262-276. 
Lloyd's  tests  for  steel  ship-plates,  39. 
Loskcls,  concentrated,  53. 

„      dead,  17,  :S46,  407. 

„      external,  1,  52,  292. 

„      intermittent,  17,  22,  23. 

„      Uve,  17,  346,  407,  408. 

, ,      moving,  travelling,  or  rolling, 
110. 

„      on  floors  of  buildings,  182. 

,,      on  railway  bridges,  408-412. 

„      on  road  bridges,  404-408. 

,,      on  roofs,  346-349. 

„      xmiformly  distributed,  53. 
Lofty  buildings,  foundations  for,  489. 


Macadam,  weight  of,  407. 

Materials  used  in  structures,  25. 
Measurement  of  stressesand  strains,  3. 
Mechanical  laws  relating  to  stresses, 

41. 
Modulus  of  elasticity,  E,  12. 

„  „         methods    of 

determining, 
12. 
„  „  table    of,    for 

different  ma- 
terials, 14. 
,,      of  resilience,  20. 
„       of  rupture,/,  164. 
Moment,  bendmg,  M.    See  **  Bend- 
ing moment." 
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Moment  of  inertia,  140-151. 
„  of  resistance,  153. 
„  „         for   different 

beams,  154- 
162. 
Moments,  principle  of,  43. 
Mortar,  weight  of,  10. 
Movable  bridges,  different  kinds  of, 
456-459. 

N. 

NentFal  axis  in  beams,  153. 
„        tarface  in  beams,  152. 


0. 

Oak,  strength  of,  26. 

„     weight  of,  9,  407. 
Oscillations  in  suspension   bridges, 

454. 
Over  bridges,  dimensions  of,  405. 


P. 

PaintinV  iron  and  steel  stmctnres, 

358,  361,  430,  456,  483,  485,  488. 
Panels  of  lattice  girders,  233. 
Parabolic  curve,  443. 
Parallelogram  of  forces,  45. 
Parker's   experiments   on   punched 

and  drilled  plates,  395. 
Perforated  plates,  increased  strength 

of,  396. 
Perforating  plates,  different  methods 

of,  392. 
Piers,  braced,  stresses  on,  467. 

„      iron,  421-424. 

„      masonry,  421. 

,,      of  cast-iron  cylinders,  423. 

„      of  screw  piles,  423. 
Piles,  screw,  421-423. 

„     timber,  419. 
Pillars.     See  "Columns"   and 

"Struts." 
Pine,  weight  of,  9,  407. 
Pins  in  sinjgle  and  double  shear,  4. 

„    shearing  strength  of,  388. 
Plate-girders,  different  forms  of,  427. 
Plates,  strength  of,  both  toUh  and 

aeroaa  the  ^bre,  32,  33. 


Platforms  of  bridges,  430. 

„        of  railway  bridges,  weight 
of,  431. 
Pneumatic  rivetters,  400. 
Points  of  inflexion.    See  *  *  Inflexion.'* 
Pressure  of  wind,  463-469. 

,,        on  foundations,  489. 

„        required    to    form    rivet- 
heads,  400. 
Principals  of   roofs.      See  "Roof- 


Proof  loads  and  stresses,  18. 

,,         on  chains,  474. 
Public  road  bridges,  dimensions  of, 
405. 
„  „  loads  on,  407. 

Punches  and  cUes,  relative  sizes  of» 

393. 
Punching  iron  plates,  393. 
„        steel  plates,  395. 
„        weakening  effect  of,  393. 


Queen-posts  in  timber  roofs,  364» 
365. 


H. 

Radius  of  gyration  in  struts,  203- 

209. 
Rafters,  349,  352. 
Rail-bearers  of  bridges,  432,  433. 
Railway  bridges,  dimensions  relating 
to,  405,  406. 
„  loads  on,  408-412. 

„  longitudinal 

stresses  on,  414. 
„  long  span,  relative 

economy  of,  461- 
46.3. 
„  under  200  feet  span, 

weight  of,  461. 
„  weight  of  platforms 

of,  431. 
„  workingstresses  on, 

415-419. 
Rankine*s  formulie  for  columns  and 

long  struts,  203-206. 
Resilience  of  bars,  19. 
II        modulus  of,  20. 
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Resistance,  moment  of,  153. 

Resolution  of  forces,  47. 

Rigid  arches,  308. 

Rigidity  in  suspension  bridges,  i53, 

454. 
Ritter's  method  of  moments,  279. 
Rivet-heads,  different  forms  of,  396. 
„  methods    of    forming, 

398-401. 
„  pressure  necessary  for 

forming,  400. 
Rivets  in  single  and  double  shear, 
376,376. 
„      iron,    working   stresses   on, 

376. 
,»      relative  strength  of,  in  drilled 

and  punched  holes,  396. 
„  shearing  strength  of,  376. 
„      steel,  working   stresses  on, 

377. 
, ,      strength  of,  put  in  by  different 
machines,  401. 
Rivetted  joints,  strength  of,  374-386. 
Rivetters,  hydraulic,  399. 
,,        mechanical,  399. 
„        pneumatic,  400. 
,,        steam,  399. 
Rivetting  by  hand,  399. 

„        cost  of,  399,  401. 
Road-bearers  in  bridges,  432. 
Road  bridges,  loads  on,  407,  408. 

„  public,      widths      of, 

405. 
Rock,  crushing  strength  of,  490. 
Rolled  girders,  180-186,  429. 

„  strength  of,  180-184. 

„  table    of    strengths, 

186. 
Rolling  loads,  111. 
Roof  coverings,  354. 
Roofs,  loads  on,  346-349. 
„      timber,  363-365. 
„     weight  of  snow  on,  347. 
,,     wind-bracing  for,  362. 
„     wind-pressure  on,  347. 
„     working  stresses  on,  354. 
Roof  trusses,  319-354. 

„  cantilever,  329. 

„  French,  335. 

„  aaw-tooth,  337. 

Ropes,  preserving,  473. 
„     strength  of,  471,  472. 


S. 

Safety,  factor  of.    See  "  Factor." 
Sand,  weight  of,  10,  407. 
Sandstone,  weight  of,  9,  407. 
Screw-piles,  421-42.3. 

, ,  methods  of  sinking,  422. 

Soosoning  timber,  26. 
Semi-arch,  braced,  315. 
„     beams  and  semi-girders.     See 
**CantUevers.'' 
Set,  temporary  and  permanent,  16. 
Shaler  Smith's  experiments  on  eye- 
bars,  390. 
Shear,  bingle  and  double,  4,  376. 
Shearing  experiments,  35. 

,,        forces  in  beams  for  fixed 

loads,  121-130. 
„        forces  in  beams  for  moving 

loads,  130-1.36. 
„        strength  of  cotters,  392. 
))  9,  pins,  388. 

}»  „  rivets,  376. 

»  >,  steel,  37. 

, ,  , ,         wrought  iron,  35. 

„        stresses  in  webs  of  plate- 
girders,  418,  427-430. 
Sheer-legs.  300,  471. 
Shoes  of  principals,  351. 
Side  pressure  on  bridges,  413. 
Slates  for  roofs,  355. 
Snow,  weight  of,  347. 
Steel,  Admiralty  tests  for,  38,  39. 
„     advantages  of,  for  bridge  work, 

37. 
„     angle  bars,  weight  of,  490. 
,,     annealing,  40. 
„    '  Board  of  Trade  rules  for,  418. 
„     buckled   plates,   strength   of, 

439. 
„     castings,  39. 

„     columns  and  struts,  212-214. 
„     crushing  strength  of,  37. 
„     elasticity  of,  38. 
„     flat  bars,  weight  of,  491. 
„     flooring  plates,  435,  439-443. 
, ,     Lloyd's  rules  for  ship-plates,  39. 
„     rivets,  strength  of,  377. 
„     rolled  joists,  strength  of,  186. 
„     shearing  strength  of,  37. 
, ,     tensile  strength  of ,  37  -41 ,  4S6. 
,,     treatment    of,    by    hydraulic 
pressure,  40. 
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Steel  troughs  for  bridge  floors,  439- 
443. 
„     wire,  strength  of,  453. 
,,     working  stresses  in,  418. 
Stiffeners  to  webs  of  plate-girders, 

428. 
Stiffening  suspension  bridges,  454. 
Strains,  different  kinds  of,  2-5. 
Stresses,  different  kinds  of,  2-5. 
,y        internal,  in  beams,  tiieory 

of,  151. 
,,        measurement  of,  3. 
„        on  braced  piers,  467t 
„        working,  in  cast-iron,  190, 

416. 
„  „        in  chains,  474. 

,»  „        in  steel,  418. 

„  „        in  timber,  419. 

„  „        in  wrought-iron, 

417,  418. 
Stmts,  long,  7.   See  also  *  *  Columns. " 
Suspension  bridges,  advautages  and 
disadvantages 
of,  453. 
,,  „       attachment      of 

chains  to  piers, 
44G. 
,,  „       stiffening,  454. 

, ,  , ,       stress  -  diagrams 

of,  444,  450. 
„  „       suspending- rods 

ot,  stresses  on, 
448. 
9$  9f       with  sloping  sus- 

pension -  rods, 
448. 


Timber  flooring  for  bridges,  434. 
„      foundations,  419,  493. 
„      roofs,  .363-365. 
„      seasoning,  26. 
,,      strent^h  of,  25,  20. 
„      working  stresses  on,  419. 
Torsional  stresses,  5. 
Trapezoidal  truss,  222-224. 
Traversing  bridges,  459. 
Triangle  of  forces,  47. 
Tripods,  301,  471. 
Trough  flooring  for  bridges,  439. 
Truss,  Bollman,  214-222. 
„      Fink,  225233. 
„      Linville,  262-276. 
„      roof,  319-354. 
„      trapezoidal,  222-224. 
Tubular  bridges,  430. 

„  „        Britannia,  erection 

of,  478,  479. 

U. 

Ultimate  strength,  16. 

Under  oridges,  dimensions  of,  405. 

Unit-stress,  3. 


Variations  in  the  strength  of 
timber,  25. 

Velocity  and  pressure  of  wind,  re- 
lationship between,  464. 

Ventilation  of  buildings,  363. 

Vibrations,  effects  of,  on  materials 
and  structures,  22, 40, 196, 415-418. 


T. 

Tay  bridge,  414,  463. 
Tee  struts,  stren^h  of,  209-212. 
Temperature,  effects  of.    See  "Ex- 
pansion." 
Tensile  strength  of  cast  Iron,  29,  30. 

,»  ,,        steel,  37-41. 

„  „        timber,  26. 

,,  „        welds,  34. 

„  „        wire,  34, 453. 

„  „        wrought  iron,  32. 

Testing  wrought  iron,  31. 
Tie  bars,  main,  of  roof  trusses,  350. 
Tiles  for  roofs,  356. 


I 


w. 

Warren  girders,  stresses  in,  233-255. 
„  „        with  vertical  brac- 

ings, stresses  in, 
255-258. 
Webs  of  plate  girders.  427. 

, ,  „    shearing  stresaca 

in,  418. 
Weight  of  brid^,  459,  461. 
„         cast-iron  pipes,  493. 
„         chains,  475. 
„         corrugated  iron,  368. 
„         cross-girders,  4.33. 
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Weight  of  crowd  of  people,  407. 

,f         different  mateiials,  table 

of,  8-10. 
,,         flooringonrailway  bridges, 

431. 
„         girders    under    200   feet 

span,  460. 
f,         Lindsay's  patent  troughs, 

441. 
, ,         long  span  railway  bridges, 

relative  461. 
„         rail  girders,  433. 
„         railway  locomotives,  409. 
„         road  metalling  for  bridges, 

407. 
„         rolled  girders,   table   of^ 

186. 
,y         roof  coverings,  355. 
„         roof  principals,  347. 
„         ropes,  476. 
y,         snow,  347. 
,y         steel  angle  bars,  490. 
»,         steel  flat  bars,  491. 
,f         wrought-iron  square  and 

round  bars,  492. 
„         zinc  sheets  for  roof  cover- 
ing, 361. 
Welds,  strength  of,  34. 
Warf  crane,  304. 

Whitworth*s,  Sir  J.,  method  of  com- 
pressing fluid  steel,  40. 
Find-bracing  for  bridges,  467. 
,,        roofs,  352. 
pressure  and  velocity,  463-467. 
„       Board  of  Trade  rules 

for,  466. 
ff       circumstance    which 

influence,  463. 
, ,       influenced  by  the  form 

of  surface,  467. 
„       on  lattice  girders,466. 
„       on  swing-bridge8,458, 

459. 
,,       on  the  Forth  Bridge, 

463. 
f,       rules     of     American 
engineers  on,  466. 


pr< 
Win. 


Wire  cables  for  suspension  bridges, 
451,453. 
i>     gauge,  Birmingham,  358. 
„     iron,  annealing,  34. 
„        „    strength  of,  34,  463. 
„     steel,  strength  of,  453. 
WOhler's  experiments  on  the  faUgue 

of  materials,  23,  24. 
Wood.     See  ** Timber." 
Work  done  in  stretching  a  bar,  19. 
Working  stresses  on  cast  iron,   196, 
416. 
„  „         chains,  474. 

„  „         steel,  418. 

„  „         timber,  419. 

„  „         wrought     iron, 

417. 
Wrought  iron,  annealing,  34,   395, 
390,  474. 
Board  of  Trade  rules 
for  stresses  on,  417. 
buckled  plates, 

strength  of,  439. 
columns  and  struts, 

204-211. 
compressive  strength 

of,  .34. 
flooring  plates,  435- 

437. 
shearing  strength  of, 

35. 
square    and     round 
bars,    weight    of, 
492. 
tensile  strength  of. 

32. 

tensile   strength  of, 

across  the  fibre,  33. 

tensile  strength  of, 

as  u.sed  in  bridge 

work,  33,  484,  486. 

testing,  31. 

Z. 

Zinc  covering  for  roofs,  360-362. 
i>    gauge  fur  sheets,  361. 
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26  CHARLES  QRIFFIN  A  QO:S  PUBLICATIONS. 

Third    Edition,  Revised^     lidth  an  Additional  Chapter  on  FoundcUions. 
Numerous  Diagrams^  Examples^  and  Tables.     Large  %vo.     Cloth.     l6f. 

THE  DESIGN  OF  STRUCTURES: 

A  PTCMitacal  TPMbt&M  on  th«  BuUdlnff  of  BrtdffM, 
Roofli,  JM» 

By   S.   ANGLIN,  C.E., 

MMtar  cf  BngioecriiiK,  Royal  Univenity  of  Irdand,  late  Wbitwoith  Scholar,  te» 


The  leading  features  in  Mr.  Anglin's  carefully-planned  "  Dengn  of  Stni^^ 
tnrcf  "  may  be  briefly  summarised  as  follows  :— 

I.  It  supplies  the  want,  long  felt  among  Students  of  Engineering  and 
Architecture,  of  a  concise  Text-book  on  Structures,  requiring  on  the  part  of 
the  reader  a  knowledge  of  Elementary  Mathematics  only. 

3.  The  subject  of  Graphic  Statics  has  only  of  recent  years  been  genenlly 
applied  in  this  country  to  determine  the  Stresses  on  Framed  Structures  \  tad 
ia  too  many  cases  this  is  done  without  a  knowledge  of  the  principles  upoa 
which  the  science  is  founded.  In  Mr.  AngUn*s  work  the  system  is  explained 
from  riRST  PRINCIPLES,  and  the  Student  will  find  in  it  a  valuable  aid  ia 
determining  the  stresses  on  all  irregularly-framed  structures. 

3.  A  large  number  of  Practical  Examples,  such  as  occur  in  the  ererr-day 
experience  of  the  Elngineer,  are  |pTen  and  carefully  worked  out,  some  beinf 
•oWed  both  analytically  and  graphically,  as  a  guide  to  the  Student 

4.  The  chapters  devoted  to  the  practical  side  of  the  subject,  the  Strength  of 
Joints,  Punching,  Drilling,  Rivettine,  and  other  processes  connected  with  the 
manufacture  of  Bridges,  Koofs,  and  Structural  work  generally,  are  the  resoh 
of  MANY  YEARS*  EXPERIENCE  in  the  bridge-yard ;  and  the  information  givca 
OB  this  branch  of  the  subject  will  be  found  of  great  value  to  the  practioid 
biidge-builder. 


of  KagliMwring  will  find  this  Tesct-Book  iKVALaABLB."-^#«ltftet. 

"na  author  has  oeitaialy  tucciodod  in  produdaff  a  thobouow.v  paAcnoo.  Tmi^ 
■ook.**-^MMfr. 

^  "Wo  can  unhoiitatiagly  rteonuaend  this  woik  not  only  to  tha  Student,  as  tho  nrr 
IkST-BooK  on  tho  suhject,  but  abo  to  the  profenional  iiniiMiig  as  an  BxcOBMiMSrV 
VALOABUK  book  of  rofomoa.**— JfdcAMrfw/  W^rld. 

"This  work  can  bo  coNTOBarrLV  racoounended  to  enginoefs.  The  aothor  has  wkily 
choaea  to  use  as  little  of  the  higher  nathematics  as  oossible,  and  has  thus  made  Im  book  m 
■aai.  VSB  TO  TCB  raAcncAi.  BNOiinBB.  •  .  .  Amr  caielol  pennal,  «•  hava  aeiUm  bag 
pniaa  for  the  worib**— J^«#Mr»^ 
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MNGINEBRINQ  AND  MWOHANIOSL 


Third  Edition,    Thoroughly  Reviud,     Royal  8m.      With  mmmsf'mt 
Jlhuirati&m  and  13  Litho^rapkU  Plaiti,     Handsomi  Cloth*     JVki  JOf. 

A    PRACTICAL    TREATISE    ON 

BRIDGE-CONSTRUCTION: 

Being  a  Text-Book  on  the  Gonstraotton  of  Bridges  im 
Iron  and  Steel 

FOR  THE  USE  OF  STUDENTS,  DRAU8HTSMEH,  AND  ENfilNEERS. 
By  T.   CLAXTON    FIDLER,    M.Inst.CE.» 

Pfo£  of  Xnciaecring,  UniTersity  CoU«c«,  DundM. 


GENERAL  CONTENTS. 


Part  I.  —  Elrmentary  Statics: — Definitions— The  Opposition  and 
Balance  of  Forces— Bending  Strain— The  Graphic  Representation  of  Bending 
Moments. 

Part  II.— General  Principles  of  Bridge-Construction  :—Tht 
Comparative  Anatomy  of  Bridges — Combined  or  Composite  Bridges — 
Theoretical  Weight  of  Bridges— On  Deflection,  or  the  Curve  of  a  Bended 
Gilder — Continuous  Girders. 

Part  III.— The  Strength  op  Materials:— Theoretical  Strength  of 
Columns — Design  and  Construction  of  Struts — Strength  and  Construction  of 
Ties — Working  Strength  of  Iron  and  Steel,  and  the  Working  Stress  in 
Bridges — Wohler's  Experiments* 

Part  IV. — The  Design  of  Bridges  in  Detail:— The  Load  on 
Bridges — Calculation  of  Stresses  due  to  the  Movable  Load — Parallel  Girdert— 
Direct  Calculation  of  the  Weight  of  Metal — Parabolic  Girders,  Polygonal 
Trusses,  and  Curved  Girders — Suspension  Bridges  and  Arches  :  Flexible 
Construction — Rigid  Construction — Bowstring  Girders  used  as  Arches  or  as 
Suspension  Bridges — Rigid  Arched  Ribs  or  Suspension  Ribs — Continuous 
Girders  and  Cantilever  Bridges — The  Niagara  Bridge — The  Forth  Bridge — 
Wind-Pressure  and  Wind-Bracing :  Modem  Experiments. 

"Mr.  7idlbb*8  suooxsb  arises  from  the  combination  of  EXPiBnarcn  and 
flDCFUonr  or  trbaticemt  displayed  on  every  page.  .  .  .  Theory  is  kept  in 
subordination  to  Praotioe,  and  his  book  is,  therefore,  as  useful  to  girder-nuucsn 
as  to  students  of  Bridge  Construction. "— rA«  Architect, 

*'  Of  late  years  the  American  treatises  on  Praotioal  and  Applied  Meohanioi 
have  taken  the  lead  .  .  .  ainoe  the  opening  np  of  a  vast  oontinent  has 
given  the  American  engineer  a  number  of  new  bridge -problems  to  solv<» 
.  .  .  but  we  look  to  the  PRKBiiT  Trxatue  ov  BBn>oE-€x>ir8TRironoK,  Mid 
the  Forth  Bridge,  to  bring  us  to  the  front  again."— .ffn^msir. 

"  One  of  the  yk&t  but  bboekt  works  on  the  Strength  of  Materials  and  its 
appUeation  to  Bridce-Gonstmotion.        .    .    Well  repays  a  oareful  Stady."*- 


*^Abiiidi 


MDiaFMHEABLB  KAiTDBOOK  loT  the  pmefcioal  Engineer.**— JMhtl 
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a8  CHARLB8  QBIFFIN  A  C0:8  PUBLICATIONS. 

Works  by  BRTAN  DONKIN,  MLInstCK,  MLInstMeeltB^  te^ 

Third   Edition,   Revised   and   Enlarged.      With  additional 
lUustntions.      Large  8vo,  Handsome  Cloth.      25s. 

GAS,  OIL,  AND  AIR  ENGINES: 

A   Praetieal   Text -Book  on   Internal    Combustion   Moton 
without  Boiler. 

By  BRYAN  DONKIN,  M.Inst.C.E.,  M.Inst.Mech.E. 

GamtKAL  Contents.— tias  Engines :— General  Detcripiion— History  add  Dettlop' 
■MBt— British,  Friench,  and  G«nnaB  Gas  Saginas — Gas  ProductioB  for  Motive  Powar 
Thsonr  of  fcha  Gaa  Engine— Chemical  Composition  of  Gas  in  Gas  Engines— Utilisation  af 
Haat— Explosion  and  Combustion.  OU  MOtOPS :— History  and  Derelopment— Vaiioua 
l^fes-Pnestman's  and  other  Oil  Engines.  Hot- Air  BngUIAS  :— History  and  Dardo^ 
■Ml    Variom  Types:  Stirling's,  Ericsson's,  &c,  &c 

"The  BUT  BOOK  NOW  PUBLISHED  ott  Gas,  Oil,  and  Air  Engines.  Will  be  of 

▼KEY  GREAT  INTEREST  to  the  niunerous  pkractical  eagineers  who  have  to  make  themselves 
^_.M :.u  .1. ^  .,      .  ,j^^  Donkin  '         " 


with  the  motor  of  the  day.  .  .  .  Mr.  I>onkin  has  the  advantage  of  long 
rBACTicAL  experience,  combioedwith  high  scibntipic  and  experimental  knowledge, 
and  an  accurate  perception  of  the  reouiremeoU  of  Engineers."— ZA/  Enginttr. 

"We  HSAaTiLT   KKOOMMWiD   Mr.  DooUn's  work.    ...    A   monusMnt  of 
lahoar.    .    .    .    Luminous  and  comprehensive.  "—yMfrvMs/tf/^Ta^Zi^A^uv, 

"  A  thorooffUy  reliable  and  exhaustive  Treatise."— fxrrVr^'riM/-. 


In  Quarto^  Handsome  Cloth.    With  Numerous  Plates.    25s. 

THE  HEAT  EFFICIENCY  OF  STEAM  BOILERS 

(LAJffD*  MARINB,  AN0  LOCOMOTIVI^ 

With  many  Tests  and  Experiments  on  dllTerent  Types  of 

Boilers,  as  to  the  Heaung  Value  of  Fuels,  &;e.,  with 

Analyses  oi  Gases  and  Amount  of  EvaporatioQ, 

and  Suggestions  for  the  Testing  of  Boilers. 

By    BRYAN    DONKIN,    M.Inst.C.E. 

tsBNBRAL  Contents.— Classification  of  difiercnt  Types  of  Boilers— 
^5  Experiments  on  English  and  Foreign  Boilers  with  their  Heat  Efficiencies 
shown  m  Fifty  Tables— Fire  Grates  of  Various  Types— Mechanical  Stokers — 
Combustion  of  Fuel  in  Boilers — Transmission  of  Heat  through  Boiler  Plates, 
:aad  their  Temperature — Feed  Water  Heaters,  Superheaters,  Feed  Pumpt» 
Ac— Smoke  and  its  Prevention — Instruments  used  in  Testing  Boilen — 
Marine  and  Locomotive  Boilers — Fuel  Testing  Stations — Discussion  of  the 
'Trials  and  Conoinsions — Oa  the  Choice  of  a  Boiler,  and  Testing  of  Land» 
^farine,  and  Locomoti^w  Boilers— Appendioes-Bibliography — Indeib 

WUk  Plates  illusirtUimg  Progress  made  during  the  present  Omtury^ 
and  the  Ust  Modim  Practice, 

**A  woaa  or  ebssbbncb  as  ntsasMT  mrigrB.  Will  give  an  answer  to  almoal  any 
^ussilOM  oona— tad  with  tlM  performanea  of  boilafaihat  H  is  potatbto  to  ask."— #naisiy. 

"  Probably  the  voer  xxhaustitb  ruwni  that  has  ever  been  collected.  A  nuHBOiii 
Book  by  a  tharoof  hly  praotioal  man.'*— /roa  «»tf  Coml  2VtNlu  Jkettta 

tDNDDK:  CHARLES  SRimH  ft  CO..  LIMITED.  EXETER  STREEL  STRAWL 
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MSaiNEERlNO  AND  MBOHAmOB. 


,  Mmutd  mmd  Mnlarg^i.    PocUUBiMt,  Uatk9r,  Us,  ML;  mim  Lm^im  mmfw 
OJkt  U$t,  Cloth,  12«.  6dL 

Boilers,  Marine  and  Land: 

THEIR  CONSTRUCTION  AND  STRENGTH. 
A  HAHDMra:  or  Rulk,  Yovmxtlm^  Tablbb,  Ao.,  -BMLkmwm  «o  llAnauj^ 

S(U1«TLIKQ8,  AND  PBISBUBBB,   SlVBTT  VaJCiTM,  STRIKM, 

FlRINOS  AND  2iotnfflDn»»  Aa 

FOR  THE  USE  OF  ENGINEERS,  SURVEYORS,  BOLLEH-MAKSBSp 

AND  STEAM  USERS. 

Bt  T.  W.   TRAILL,   M.  Inst.O.R,   F.RRN^ 

Lata  Bnglnaer  Smrvjor-ln-Chittf  to  the  Board  of  Tndo. 

*«*  To  THB  Sboond  and  Thibd  Editions  maivt  Nbw  Tablu  for  Pbx880rb, 
up  to  200  Lbs.  per  Square  Inch  baye  been  added. 

"Tmb  HOtf  ykUJMXiM  WOKK  OH  Boilon  publMiad  in  Sn8Jand.''--£}^#f)<ii9  ITorld. 
Oontains  an  Ekormoub  QiTAirTirr  of  I^forvatiox  Mrrranged  in  a  very  convenient  form.    . 
A  MOST  UBKFUL  voLUSf  B    .    .    .    supplying  information  to  be  had  nowliere  else.*— l^ke  P" '■*'"■* 


Large  Crown  8to.     With  numerous  lllustrationa.      TTiird  Impression*    .6s. 

ENGINE-ROOM    PRACTICE  i 

A  Handbook  for  Engineers  and  Officers  in  the  Royal  Navy 

and  Mercantile  Marine,  Including  the  Management 

of  the  Main  and  Auxiliary  Engines  on 

Board  Ship. 

By    JOHN    G.    LIVERSIDGE, 

Kiglneer,  B.N.,  A.M.I.C.E.,  Instructor  in  Applied  Mechanics  at  the  Bofsl  Kaval 

College,  GroMiwioh. 
Cmimit.—Ginn^T^l  Detcrlpllan  of  Marina  Maehtnery  — Tha  Conditlona  of  Sarrloe  and 
Dtitlee  of  Eaglne^FB  of  tb?  Uof  >iL  N&Ty  — EnUy  4tJtJL  Cout^itlOni  df  lSorvie«  of  Eagioears  oC 

th«  LeatlLnf:  lAS.  CampuDErB— Rafi«iD>f  Hteum --E)ml«i  ol  a  BtsJiTuing  Wjitah  titi  Eoffinaa 
afid  BoEti^rB.— Hbattiuj;  qjT  ^t<j'iim.— Jiaj-bQur  DuUdb  unri  Wat£h«a._Adjoiitmeoii  and 
Bapv&En  of  Eoffioeq  — FrciMrvaUan  aoij  i  epaira  of  "Tank  '  BoileTia-— Th«  IHulL  tad  Ita 
nttlnjfi.— Claanld;!^  ond  P^iqUnff  Itacblnfrir  ^Beeipr4<cattiijr  Fmnps,  Fosd  Baaten^  and 
AQtoinatic    Poed  -  Water    JRainilatora  ^  Kv«rpi>r4tori^  ^  Ht^aiA     {loata.  ^  Eioctric    Lig^ht 


Ita^luery,— Hydraulic    ilaeJimery.- Alr-Compr«8»w    PumpB  ^Bftfr'sre'rating    Machlniia, 
-^IfaebEoAry  of  DoatT^yere,— The  ManrLfi<9m>^tit'  of   water  Tubs  B^jilftn.— fiegLjladonB  for 

Eniry  of  Aiiilfiitaiit  £jd[^^iti4«raT  K.M.— Qrjt^hflobiEi  given  \n  ExamiajLtLong  for  FriMJiotiou  of 


EiHglD&Brii,  R.N.— R«(futjitlMnj  re^pf^ctliig  Boa  ret  1,1  f  Trade  iJxaiDliniatlDua  for  Euginfiera,  i 
"  The  conteota  cahstot  tail  to  m  AJppatoiATKD/'— T^  St^Mhip, 
"  Tbji  VDjtT  iT^KTm.  aooE.    ,    ,    ,    iLL^ftTKATioNB  are  oT  oRiAT  laroatjLifcia  UaiPOtk 

ot  iMi  fclad,  and  it  la  utilafaclory  to  llnd  tkai  sf  kclal  attlmjon  bafl  b^so  ^iven  m  tUa 

ffMpeot"— Jnv«'tMir«'  Oaseitt. 

/»  Orotim  8vo,  extra^  wUh  HTumerous  UltutrcUicni.     ISkmHif. 

GAS   AND   OIL    ENGINES: 

An  Introductory  Text-Book  on  the  Theory,  Design,  ConBtmctiODy 
and  Testing  of  Internal  Combustion  En^es  without  Boiler. 

FOR  THB   USB   OF  STUDENTS. 

By  Pkof.  W.  H.  WATKINSON,  Whit.  Soh.,  M,lNST.MiOHJt, 

Glasgow  and  Weat  of  Scotland  Teehnioal  OoUsfiL 

IDNDDNiieHARLES  aRiFRN  A  CO.,  UMTED,  EXBT£L  SIRBET^  8I1UIID. 
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JO  OEAELMB  GRIFFIN  A  O0.'B  PUBLI0ATI0N8. 

SiooHD  Edition,  Revited*     With  nnmeroni  PUtat  redvoed  froar 
Working  Drawing!  and  280  lUnttrations  in  th«  T«xt.     21i. 

A     MANUAL     OF 

LOCOMOTIVE    ENGINEERINGS 

A  Praetieal  Text-Book  fop  the  Use  of  Engine  fiailders» 

Designers  and  Draugrhtsmen,  Railway 

Engrineers,  and  Students. 

BT 

WILLIAM  FRANK  PETTIGREW,  M.Inst.CK 

With  a  Section  on  American  and  Continental  Enginee. 

By  ALBERT  F.   RAVENSHEAR,   B.Sc., 

Of  fiU  MajMty'i  Patent  Offloi. 

OMiMM. -> Hlttorioal    Introduotion,   1768- 186S Modern    LooomotlTw:    Simple.— 

Modem  LooomotiTee:  Compound.  -  Prim  try  Coniideratlon  In  LocomotiTe  Deeign.— 
CvUnden,  Steam  Otaeste,  and  Stnfflnff  Boxei.— Pietons,  Piston  Rods,  Croeeheada  Mid 
Slide  B«rt.— Oonnectlng  end  ConplinK  Bodn.^WDcela  end  Axlea  Axle  Boxee,  Hombloek% 
and  Beerinff  Sprioge.— Baleooing.— VelTe  Qear.^Slide  VelTei  and  VaWe  Gear  Detalla.— 
Fraoiinff,  Bogfei  and  Axle  Trucka  Radial  Axle  Boxei.— Boilere.—Smokebox,  Bleat  Pip«^ 
rirebos  Fltttnga.— Boiler  Monntlnge.— Tenders.-  Railway  Brakea.^LnbricatioB.— Con- 
■nmption  of  FneU  KTaporation  and  Engine  Jiffloienoy.— American  LocomotiTee  — •Can* 
tinental  LooomotlTee.— Bepaini,  Running,  Inapection,  and  Renewals.— Three  Appendieea. 
—Index. 

"Likely  to  remain  for  many  yean  the  Stasdakb  Woax  for  thoae  wishing  to  laena 
Deeign."— Anoimtr. 

**  A  most  interesting  and  Talnable  addition  to  the  bibliography  of  the  LoeomotfTa"* 

**  we  recommend  the  book  ae  THOKcnHLT  praotioal  In  its  character,  and  vminra  A 
nACT  IX  AHT  ooujtcnoM  of   .    .    .    works  on  Locumottve  Engineering."— iZatf/iMiy  ilTMiff. 

"The  work  ooiiTAiira  axx  that  cam  bb  lbaxnt  from  a  book  npon  each  a  subject  It 
will  at  once  rank  as  tbb  sTAJfOAan  woaa  cfok  this  ixpobtamt  sdbjbct.*'— /Kei/way  Jfa^MtiiM. 


In  Large  Svo.    Handsome  Cloth.     WUh  Plates  and  lUwtratione.    IBs, 

AT  HOME  AND  ABBOAD. 
Bt  WILLIAM  HENRY  COLE,  M.Inst.O.R, 

Late  Deputy-Manager,  North- Western  Railway,  India. 
Contenls.—Diacuanon  of  the  Term  ''Li^ht  Railways.**— EngUah  Railwayv^ 
Bates,  and  Farmers.  — Light  Railways  m  Belgium,  France,  Italy,  otnar 
Bnropean  Countries,  America  and  the  Colonies,  India,  Ireland.— Roaa  TraoB- 
Dort  as  an  alternative.- The  Light  Railways  Act,  1896.— The  Question  of 
Gauge.— Construction  and  Working.- Locomotives  and  RoUing-Stodc^Idgbt 
Railways  in  England,  Scotland,  and  Wales.— Appendices  and  Index. 

**]fr.  W.  H.  Oole  has  brought  together  ...  a  labob  axodmt  of  yaluablb  nrvoma- 
now    .    .    .    hitherto  practically  inaccesstble  to  th«>  ordinary  reader."— n'ltct. 

"  Will  remain,  for  somo  time  yet  a  SrAKOAan  Work  in  everything  relating  to  Lifht 
Baflwaya"— iir»y/ii«r. 

'*  Tlie  author  has  extended  practical  experience  that  rnxkes  the  book  Inoid  and  nsefaL. 
It  is  BXCBBDiNGLT  woll  Aone.'*— Engineering. 

"The  wholo  subject  is  xxbaustivelt  and  pbactigallt  considered.  The  work  oaaba 
eordially  recommended  as  ixpispcksablb  to  thone  wbose  duty  It  is  to  become  aequalnted 
with  one  of  the  prime  neceesities  of  the  immediate  future."— Aai/way  OOleUU  Otuvtt*. 

"  Thbbb  oould  bb  no  bbtxbb  book  of  first  reference  on  It*  subjeot.  All  elsiBea  off 
Engineers  will  welcome  its  appflaranoa."— 5»>(«m4». 

lOHOOH:  CHARLES  GRIFFIN  «  CO..  LIMITED,  EXETER  STREET,  STRAND. 
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MNQINBERINQ  AND  MEOHANIOSU 


Sbooitd  Editiok,  ReyisecL     With  Numeraui  IlliuiraHonM. 
Price  7b.  6d, 

VALVES  AND  VALVE-GEARING: 

INCLUDING   THE   CORLISS   VALVE  AND 
TRIP  GEARS. 

BT 

CHARLES    HUEST,   Practical  Dratightfiman. 

**  Oovcio  ezp1an»tloiit  lllutnted  by  116  tkbt  cuAm  diao&axs  and  dnwings  and  4  folding 
flulM   .    .    .    the  book  fnlfllt  a  TALDABLi  function."—^  (A«iMBUM. 

**Mk.  Hukr^b  taxtu  and  TALVB-OBAKise  will  prova  a  very  Taluable  aid,  and  tend  to  tb 
vradaetiOBOfEiigineeofBCiBiiTiyic  sniGNand  BCONOUicALWOKKiHO.    .     .     .    WUlbelargalr 
MOfbt  after  bj  Students  and  Designers."— If ofinc  Kngimer. 

**  UneruL  and  tbokouohlt  rRAcrriCAL.  Will  undoubtedly  be  found  of  qrbat  talcs  to 
•a  ooBoemod  with  the  design  of  ValTe-gearing.**- J/ccAoRfeo/  World. 

**  Almoet  XTXBT  nra  of  valtb  and  its  gearing  Is  clearly  set  forth,  and  illustrated  te 
•Mh  a  way  as  to  be  hxadilt  dkdesstood  and  practicallt  appubd  by  either  the  Engineet^ 
Draofhtnuan.  or  Student  .  .  .  Should  proTe  both  csrvul  and  valdablb  to  all  En^neem 
italrinf  for  bbuablb  and  clbar  information  on  the  subject.  Ita  moderate  price  bringa  it 
wIfUn  the  reach  of  •3L"—Jndu»triu  ana  Iron, 

**  Mr.  Hubst's  work  {■  abiobablt  suited  to  the  needs  of  the  praetioal  meohaaie.  .  .  . 
II  to  fk«e  from  any  elaborate  theoretical  discussions,  and  the  explanations  of  the  Tariona 
typee  of  Talve-gear  are  accompanied  by  diagrams  which  render  them  babilt  ranuBioaiki*' 


In  Paper  Boards,  8vo.,  Cloth  Back.    Price  Is.  6d.  net. 

HINTS     ON 

Steam  Engine  Design  and  Gonstmction. 

BT 

AUTBOB  or  "VALVBS  ABD  VALVB  GBABiyO.'* 

WITH      NUMEROUS      I  LLU  ST  R  AT  ION  S. 


CONTENTS, 


I.  Steam  Pipes. 


VI.  Crank  Shafts  and  Pedestals. 
VII.  Valve  Gear. 
VIII.  Lubrication. 
IX.  Miscellaneous  Details. 

lNi>£X. 


II.  Valyes. 
IIL  Cylinders. 
IV.  Air  Pumps  and  Condensers. 

V.  Motion  Work. 

**  A  handy  Tolnme  whlc'i  every  practicol  young  engineer  should  roasess.**— TTte 
BngUmr. 

lONOON:  CHARLES  aRIFFIN  «  CO.,  IIHITED.  EXETER  STREET,  8TRANIV 
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32  CBARLSS  GRIPFIir  A  COJS  PUBLICATIONA 

Large  8vo,  Handsome  Cloth.     With  lUnBinitioiia,  Tables,  ko,    9l8. 

Lubrication  &  Lubricants: 

A    TREATISE    ON    THE 
THEORY  AND  PRACTICE  QF  LUBRICATION 

AND  ON  THE 

NATURE,   PROPERTIES,   AND  TESTING   OF   LUBRICANTS. 
By  LEONARD  ARCHBUTT,  F.I.O.,  F.O.S., 

Chemist  to  the  JUldtand  Railway  Company. 
AND 

R.    MOUNTFORD   DEELEY,   M.LM.E.,    F.G.a, 

Midland  Railway  LocomotlTe  Departmoit. 

Contents.— I.  Friction  of  Solids. —n.  Liquid  Friction  or  VisootitT,  and  flsslfe 
Friction.— III.  Superficial  Tension.— IV.  The  Theory  of  Lubrication.— V.  Lubricants, 
their  Sources,  Preparation,  and  Properties.— VI.  Physical  Properties  and  Methods  of 
Bzamination  of  Lubricants.— VII.  Chemical  Properties  and  Methods  of  Examination 
of  Lubricants.— VIII.  The  Systematic  Testing  of  Lubricants  by  Physical  and  Chamioal 
Methods.— IX.  The  Mechanical  Testing  of  Lubricants.— X.  The  Design  and  Labffcaitoik 
of  Bearings.— XL  The  Lubrication  of  Machinery.— Index. 

"  Destined  to  become  a  olabsio  on  the  subject."— /fufiMCrict  and  Irofi. 

"  Oontains  practically  all  that  is  known  on  the  subject  Deaervts  tiM  caMfsl 
attention  of  all  Engineers."— J^atZimiy  OJMal  Quids. 


Third  EDmoir.     Very  fully  lUuttroUd.    Ohih,  U.  U 

STEAM  -  BOILERS: 

THXIB   DSFXOTS,    MANAGSMENT,    AKD    OONSTBUOTZOIT. 
By    R    D.    MUNRO, 

CMrf  Bnginem'  of  ths  SeoUitk  BcfOer  Insurvnee  and  SngiM  /rmMcCion  Cemf&Kf. 

Gbkbral  Contents.— I.  Explosions  caused  (i)  by  Overheating  of  Plates— (•)  By 
Defective  and  Overloaded  Safety  Valves— (3)  By  Corrosion,  Internal  or  External— Hf4)  By 
Defective  Desi^  and  Construction  (Unsupported  Flue  Tubes  ;  Unstrengthened  Mannoles; 
Defective  Staying ;  Strength  of  Rivettcd  Joints  :  Factor  of  Safety)— II.  Constructioh  or 
Vbktical  Boilbrb:  Shells— Crown  Plates  and  Uptake  Tubes— Man- Holes,  Mud-Holes, 
and  Fire-Holes— Fireboxes  — Mountings  —  Management  —  Cleaning — Table  of  Bursting 
Pressures  of  Steel  Boilers— Table  of  Kivetted  Joints — ^Specifications  and  Drawings  of 
Lancashire  Boiler  for  Working  Pressures  (a)  80  lbs. ;  (6)  soo  lbs.  per  square  inch  respecuvely. 

"  A  valuable  companion  for  workmen  and  engineers  engaged  about  Steam  Boilersi  oogli^ 
CO  be  carefully  studied,  and  always  at  hand."— C<»//.  Guardian. 

"  The  book  is  vbry  usbpul,  especially  to  steam  users,  artisans  and  yotug  Enginesrs."— 
En£iH44r.  

Br  THB  SAMS  Author. 

KITCHEN    BOILER    EXPLOSIONS:    Why 

they  Occnr,  ind  How  to  Prevent  their  Occurrence.  A  Practiad  HlMid- 
book  based  on  Actual  Experiment.  With  Diagrams  and  Calovred  FUtt» 
Price  38. 

IMDOM:  OHMtLK  BRIFFiN  &  CO.,  UMiTEO,  EXETER  SIREEL  8TRM0L 
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MNGUSTMBRUW  AJfD  MMOBAMUUL 


Fifth  Edition.    Folio,  ttronely  hAlf-botmd,  21/. 

TRAVERSE  TABLES: 

Computed  to  Four  Plaees  of  Deeimals  for  every  Minute 
of  Ansrle  up  to  100  of  Distance. 

For  the  use  of  Surveyors  ancl  Englxieen;. 

BY 

RICHARD  LLOYD  GURDEN, 

Atttfaoiised  Surveyor  ibr  the  GorenuMnts  of  New  South  WaIm  aai 
Victoria. 

*«*  I^UsM  wiih  the  C^nemrrmn  §f  ihi  Surveyors*  GmtrxU  for  New  South 
mUes  OMd  VuUria. 

"Those  who  hasn  «xperi«noe  in  exact  SuKyxr-woRK  will  best  know  how  to  appredste 
the  uamrmooB  tmmmt  of  kboinr  represented  by  this  Tslaable  book.  The  conq;mUtions 
enable  the  user  to  ascertain  the  sanee  and  cosines  for  a  distance  of  twetve  nates  to  wkUn 
half  an  inch,  and  this  by  lucrainnccs  to  mxrr  Ohb  Tabls,  in  place  of  the  usual  Fifteen 
minute  ooaputatioas  rec|uirsd.  This  alone  is  evidence  of  the  assMtance  which  the  Tables 
ensure  to  every  user,  and  as  eipery  Surveyor  in  active  practice  has  felt  the  want  of  such 
raw   icMowxMG    or    thus    publication  will  rsmaim   without  thbm." 


Third  Edition.     In  Two  Parts,  Published  SepsrsfMy. 
A    TEXT-BOOK    OF 

Engineering  Drawing  and  Design 

YoL.  I. — Pbaotioal  Ghombtby,  Plans,  and  Solid.    3s. 

Vol.  II. — Machine  and  Enginb  Drawing  and  Design.   4s.  6cL 

BT 

SIDNEY  H.   WELLS,   Wh.Sc, 

A.X.IB8T.C.B.,  A.1LIVSV.XBCB.JL, 

PiiMlpal  of  the  Battenea  Polrteehnle  Institute,  and  Head  of  the  Bncineerlnft  DepaitaM* 

therein ;  formerly  of  the  Engineering  Departments  of  the  Torkshire  CoUegSk 

Leeds ;  and  Bulwich  CoUege,  London. 

With  Mcmy  lUuitraihM,  opedaUy  prepare  for  the  Work,  and  numtrvMt 
ExampUs,/or  the  Use  0/ Students  in  TechniecU  Schools  and  Colleges. 

**  A  momofroHLT  itsiful  work,  ezeeedlngly  well  written.  For  the  many  ETfU^piMw  taA 
Questions  we  have  nothing  but  pralse.''—^alMrc 

'*  A  o^rnAL  TBZV-BOOK.  arranged  on  an  bxciluht  stsvbic,  ealenlated  to  give  an  faitslUe«il 
■nap  of  the  snbjeet,  and  not  the  mere  faeolty  of  mechanical  copying.  .  .  .  Mr.  WeUtsham 
bow  to  make  ooMMif  b  wo&kibo-dbawiros,  dismissing  tally  eseh  step  In  the  design."-* Jlsolrlt 


"The  flnt  book  leads  basilt  and  batukallt  towards  the  second,  where  the  teohaleal  pina 
bwghl  lB(to  eoataet  wtth  large  and  mote  oomplez  design^"— 3^  athoOmtuur, 

LONDON:  GHARLES  6mm  A  CO.,  LIWTED,  EXETER  STREET,  STRAW). 
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34  CEARLES  GRIFFIN  ^  00:8  PUBL10ATI0N8. 

WOHK8    BY 
ANDREW  JAMIESON,  M.Inst.CE.,  M.I.E.E.,  RILaEL, 

Contulting  Engineer  and  Electrician  ;  /ormerfy  Profestor  qf  Electrical  Engineering^ 
The  Glasgow  and  fVest  of  Scotland  Technical  College, 

PROFESSOR  JAMIESON'S  ADVANCED  TEXT-BOOKS. 
In  Large  Crown  Svc,    FuUy  IllusiraleiL 

STEAM  AND  STEAM-EHGINES   (A  Text-Book  on). 

For   the    Use  of    Stttdenu    preparisg   for  Competitive   Examinatiopfc 
With  600  pp.,  over  200  Illustrations,  6  Folding  Plates,  and  numerous 
Examination   Papers.    Thirteenth  Edition,  Revised.    8/6. 
"Professor  Jamieson  iasanates  th«   reader  by   his  clbarmbss  op  concbftion  ano 
sncruciTV  op  bxprbssion.     His  treatment  recalls  tne  lecturing  of  Faraday.**—- ^/Amwmw. 
"  The  Bbst  Book  yet  published  for  the  use  of  Students.*'— ^fym«rr. 
"  Undoubtedly  the  most  valuablb  amd  most  complbtx  Hand-book  on  the  sutgect 
that  now  exists.**— JVa^wM  En^neer, 

MAGNETISM  AND  ELECTRICITT  (An  Advanced  Text- 
Book  on).  Specially  arranged  for  Advanced  and  '*  Honours  "  Students. 
By  Prof.  Jamieson,  assisted  by  David  Robertson,  Jr.,  B.Sc 

APPLIED  MECHANICS  (An  Advanced  Text-Book  on). 

VoL  I. — Comprising  Part  I. :  The  Principle  of  Work  and  its  applica- 
tions; Part  II.:  Gearing.    Price  7s.  6d.     Third  Edition. 
"FvLLV  MAINTAINS  the  reputation  of  the  Author— more  we  cannot  say."— Pnwi. 
Bngimeer, 

VoL  II. — Comprising  Parts  III.  to  VI. :  Motion  and  Energy;  Graphic 
Statics;  Strength  of  Materials;  Hydraulics  and  Hydraulic  Machinery. 
Second  Edition.    8s.  6d. 

•'Well  and  lucidly  writtkn."— rA/  Engineer. 

*.*  Smck  o/tke  above  volumes  is  compete  in  itself^  and  sold  se^ratefy. 

PBOFESSOB  JAMIESOM'8  INTBODUCTORT  MANUALS. 

Crown  Szv.     With  lUustraiittu  and  Examination  Paptrt, 

STEAM    AND    THE    STEAM-ENGINE   (Elementary 

Manual  oO*    For  First- Year  Students.   Eighth  Edition,  Revised.    3/6^ 

"  Quite  the  sight  sort  op  ViOViS ^Engineer. 

**  Should  be  in  the  hands  of  kvkrv  engineering  tcg^Kealdcit.'^—Praeiieal  Engineer. 

MAGNETISM  AND  ELECTRICITT  (Elementary  Manual 

of).     For  First-Year  Students.     Fifth  Edition.    3/6. 
'*  A  capital  text-book  .  .  .  The  diagrams  are  an  important  ieaXw^.^'-^ckoolmmMior, 
"A  thoroughlv  trustworthy  Text-book.    .     .     .    Arrangement  as  good  as  will 
can  be.    .    .    .    Diagrams  are  also  excellent    .    .    .    The  subject  tnroughout  treated  as  an 
essentially  practical  one,  and  very  clear  instructions  given.  ** — Natnte* 

APPLIED    MECHANICS    (Elementary    Manual   of). 

Specially    arranged    for    First- Year    Students.       FoURTrt    Edition, 
Revised.     3/6. 

'*  Nothing  is  taken  for  granted.    .    .    .    The  work  has  very  high  QUAUms,  wliidh 
■ay  be  condensed  into  the  one  word  '  clkar.'  ^—Science  and  Art, 

A  POCKET-BOOK  of  ELECTRICAL  RULES  and  TABLES. 

FOR  THE  USE  OF  ELECTRICIANS  AND  ENGINEERS. 
Pocket  Size.     Leather,  8s.  6d.     Fifilunlh  EddHm,      See  p.    43. 

LONDON :  CHARLES  BRiFFIN  ft  CO.,  LIMITED,  EXETER  STREET,  STRAND. 
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WORKS     BY 

W.  J.  MACPORN  RANKINE,  LL.D,  F.R.S., 

THOROUGHLY  BBYISED  BY 

"W.     J.     MIL  LAB,     C.E., 

Ut*  $intary  to  t*«  InttltuU  of  EnglH—n  atii  tklpMUvt  lit  StOwid, 


A  MANUAL  OF  APPLIED  MECHANICS : 

Comprising  th«  Principles  of  Statics  and  Cinematics,  snd  Theory  of 
Stmctures,  Mechanism,  and  Machines.  With  Nnmerons  Biagramn 
Crown  8to,  cloth.    Sixtbbnth  Edition.    128.  6d. 


A  MANUAL  OF  CIVIL  ENGINEERING: 

Comprising  Engineering  Sorveys,  Earthwork,  Foundations,  Masonry,  Car- 
pentry, Metal  Work,  Koads,  Railways,  Canals,  Rivers,  Waterworks, 
Harbours,  Ao,    With  Nnmerons  Tables  and  Blnstrations.    Crown  Iro 

Oloth.      TWBNTV-FlRST  EDITION.      16s. 


A  MANUAL  OF  MACHINERY  AND  MILLWORK: 

Comprising  the  Geometry,  Motions,  Work,  Strength,  Constmotion,  and 
Objects  of  Machines,  kc  Dlnstrated  with  nearly  300  Woodovti. 
Crown  8vo,  oloth.    Sbtbnth  Ediiion.    12s.  6d. 


A  MANUAL  OF  THE  STEAM-ENGINE  AND  OTHER 
PRIME  MOVERS: 

With  a  Section  on  Gab,  Oil,  and  Aib  Enoinks,  by  Bryan  Domkin^ 
M.Inst.C.E.  With  Folding  Plates  and  NQ|neroas  Ulastratiooo. 
Ciown  8vo,  cloth.    Fourtejuitb  Edition.    12s.  6d. 

lONDON:  CHARU8  fiRIFHN  «  CO.,  LiyiTED,  EXETER  STREET.  8TRAN0L 
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CHARLES  QRIPFIN  A  CO.'S  PUBLtOATIONS. 

USEFUL  RULES  AND  TABLES: 

Vor  Arohiteoti,  Bnilden,  Bngineen,  Fonndera,  Meohanioi,  Shipbuildm^ 
Smreyoni,  Ac.  With  Appbicdix  for  the  use  of  Elxotbioal  BNOnrxiBi^ 
By  Profeasor  Jamibson,  F.KS.E.    Sbvsnth  Editzov.    10b.  6d.f  _   , 


A  MECHANICAL  TEXT-BOOK: 

A  Pnotical  and  Simple  Introdaction  to  the  Stady  of  Mechanioa.  By 
Profeaaor  RAirKXNX  and  E.  F.  Bambxb,  C.E.  With  Nozdmoiu  Dili*- 
trationa.    Crown  Svo,  cloth.    Fifth  Edition.    9a. 

Th»  '*  Mksamioal  Tbxt*Book"  «fM  4$tlgn»i  hf  FroNmat  lUMumm  m  mm 

to  th$  rnbow  amriu  •/  MmmuaU. 


MISCELLANEOUS  SCIENTIFIC  PAPERS. 

Royal  Svo.     Cloth,  318.  6d. 

PartL  Papera  relating  to  Temperature,  Ekattdty,  and  Ezpauioft  off 
Yaponra,  Liqoida,  and  Solida.  Part  II.  Papera  on  Energy  and  ita  TnuuH 
fetmationa.     Part  III.  Papera  on  Waye-Forma,  Propnlaion  of  Veaaela,  ko. 

With  Memoir  by  Profeaaor  Tait,  M.A.  Edited  by  W.  J.  Millab»  CB. 
With  fine  Portrait  on  Steel,  Platea,  and  Diagrama. 

**  N«  matm  CMliiriBC  M«a«nal  of  ProfiMMr  lUakiiM  couU  bt  d«vfa^  tban  «•  pdMa^ 
floa  af  thtw  |MKp«n  in  an  Mcessible  form.  .  .  .  TIm  Collection  is  raoit  vnfaubla  mm 
aaaaaat  of  tho  antnrtt  of  hit  daacovvriM,  and  tho  beautjr  and  cwplitMUM  of  Ua  i 
.  .  .  The  Vohane  esceedi  in  importance  any  woik  m  Hbm  Mmo  department  p 
te  ear  tammr-^ArekdUet, 


SHELTON-BEY  (W.  Vincent,  Foreman  to  the 

Imperial  Ottoman  Gun  Factoriesi  Constantinople) ; 


THE  MECHANICS   GUIDE:  A  Hand-Book  for 
Aitkaaa.    With  Copious  Tablea  and  Valuable  Reeipca  for  PfMlieil  Uhl 
lUnakimted.    Sttitd  Ediihn.    Crown  Sro.    doth,  7/6L 

UNIOON:  CHARLES  MtFFIN  «  CO.,  UNITED;  EXETER  ^RErr.  STIMNa 
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W^GINBMRma  AND  MMOSANIOS. 


In  Large  Svo,  ffancUome  Cloth,     With  ^orUUpieu,  severtU  Plates^ 
and  9ver  250  Illusirations.    2U. 

THE  FSIHCIPLES  AND  CONSTRUCTIOH  OF 

PUMPING  MACHINERY 

(STEAM  AND  WATER  PRESSURE). 

With  Practical  lUnfltrations  of  ENcnrxs  and  Pumps  applied  to  MiRiNo^ 

TowK  Watkb  Supply,  Dsaikaok  of  Lands,  &o.,  also  Economy 

and  Effioieney  Trials  of  Pumping  Machinery. 

By    henry    DAVEY, 

Member  of  the  Inatitntion  of  Clyil  Engineerfi,  Member  of  the  Inatitation  of 
Mechanical  Engineers,  F.G.S.,  Ac. 

OoHTENTS  —Early  History  of  Pumping  En^nes— Steam  Pumping  Engine*— 
Pmnps  and  Pump  Valves — GoDeral  Principles  of  Non-Botative  Pumping 
Engines— The  Cornish  Engine,  Simple  and  (>ompound— Types  of  Mining 
Engines — Pit  Work — Shaft  Sinking — Hydraulic  Transmission  of  Power  in 
Mines— Valve  Gears  of  Pumping  Exiles — Water  Pressure  Pumping  Enginea 
— Water  Works  En^es— Pumping  Exigine  Economy  and  Trials  of  Pumping 
Machinery — Centrifugal  and  other  Low-Lift  Pumps  —  Hydraulic  Bams, 
Pumping  Mains,  &c.— Index. 

'*By  the  *one  EngUah  Engineer  who  probubly  knows  more  abont  Pumping  Maehlnery 
than  AMT  oravL*  ...  A  voluxb  asooannfo  thb  sksults  or  loho  sxnanvoi  axd 
ercDT."— 7%«  Engiueer, 

'^UndoabtedlyTBa  Ban  Ain>  host  pbactical  nucATisx  on  Pumping  Machinery  that  HAa 
TBT  BBBM  TjJMdsajLJ>/*— Mining  Joumoi. 


SHOOED  SDITIOJf,  Bevised  and  Enlarged. 
In  Large  8vo,  Handaome  cloth,  S4s. 

HYDRAULIC  POWER 

AND 

HYDRAULIC  MACHINERY. 

BT 

HENRY    ROBINSON,    M.   Inst.  CE,  F.aS, 

rwajum  ov  xoig's  oolumb,  lohdor  ;  raor.  or  cnm.  aHonananiQ, 

kikg's  collbob,  arc.,  arc 

Witb  numetottf  mioo^cute,  and  Sixti^pnfne  pUrtw. 

"  A  Beok  of  gnat  FrofiMnooal  Usefii]iiesa.**-./rM. 

UNHKNI:  0HMU£8  «MFFtN  ft  GO.,  LIMITED,  EXETER  STREET,  6TRANIL; 
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J8  0MARLM8  GBIFflir  A  OOJg  FUBUOATIOSB. 

M00U  899,  Hmi^9om9  Otvtk,  If.     With  num9roua  ///u«trat/on«  and  7a6/M. 

THE    STABILITY    OF    SHIP& 

BY 

SIR  EDWARD  J.   REED,   K.CB.,  F.R.S.,  M.P.. 

mmamr  op  tmb  impbrial  osdbss  op  st.  sTAimAut  op  kosoa  :  pxamcii  jtMam  ov 

AUmiA;    MBOJIDIB   OP   TUKKKV;    AMD    KISING    tUIT   OP    JAPAM ;    nCB- 
n»8IDSMT  OP  THE  INSTITUTIOM  OP  ITAVAL  AKCKITaCTS. 

la  order  to  render  th«  work  oompleto  for  tho  purpoooo  of  tlio  Shipbuilder,  wIiuVm  m 
lloaii  or  Abroad,  tho  Methods  of  Celculerion  introduced  by  Mr.  F.  K.  Baknml  Mr.  Obat, 
M.  Rbbck,  M.  Daymaxd,  end  Mr.  Bbnjamin,  are  all  giTea  leparately,  iUaamtad  W 
TVblei  and  worked-out  examples.  The  book  contains  more  than  eoo  Diagrams*  aad  ■• 
dHustrated  by  a  large  number  of  actual  esses,  derived  from  ships  of  all  descriplioas. 

^  Sir  Edwaxo  Rbbd's  *  Stabiuty  op  Ships  '  is  intaluablb.  The  Natal  AaonrBor 
•erill  find  brought  togetner  and  ready  to  his  hand,  a  mass  of  information  which  he  would  otfbe^ 
•vise  haTo  to  seek  in  an  almost  endless  variety  of  publications,  and  some  of  which  he 
poeskbly  not  be  able  to  obtain  at  all  elsewhere.'*'-4cM«»«*f  a 


^HE  DESIGN  AND  OONSTBUCTION  OF  SHIPS.     By  Tohn 

Harvard  Biles,  M.Inst.N.A.,  Professor  of  Naval  Architecture  m  the 
University  of  Glasgow.  [/»  Prep(trtU9om, 

Just  out.     Illustrated  with  Plates,  Numerous  Diagrams,  and  Figares 
in  the  Text.     i8s.  net. 

STEEL    SHI  PS! 

^THEIR    CONSTBTJCTION    AND    MAINTENANCE. 

A  Manual  for  Shipbuilders,  Ship  Superintendents,  Students, 
and  Marine  Engineers. 

By  THOMAS   WALTON,   Naval  Architect, 

AUTHOR    OK    '•  KNOW    YOUR    OWN    SHIP." 

Contents.— I.  Manufacture  of  Cast  Iron,  Wrought  Iron,  and  Steel— Com- 
nosition  of  Iron  and  Steel,  (Quality,  Strength,  Tests,  &c.  II.  Cla8rificatio&  of 
Steel  Ships.  III.  Considerations  in  making  choice  of  Type  of  Vessel — ^Framiiiff 
K>f  Ships.  IV.  Strains  experienced  by  Shipw.— Methods  of  Computing  aod 
Comparing  Strengths  of  Ships.  V.  Construction  of  Ships.  —Alternative  Modes 
«f  Construction. — Types  of  Vessels. — Turret,  Self  Trimming,  and  Trunk 
Steamers,  &c. — Rivets  and  Rivetting,  Workmanship.  VI.  Pumping  Arrange- 
ments. Vll.  Maintenance.— Prevention  of  Deterioration  in  tiie  Halla  of 
Shipi.— Cement,  Paint,  &c.  — Index. 

*'8o  thoroaeh  and  well  written  Is  every  chapter  in  the  book  that  it  ii  diJicaU  to  seleet 
Any  of  them  as  being  worthy  of  exceptional  praise.  Altocstber,  the  work  is  exoeilenk,  and 
will  prove  of  ffreat  valne  to  those  for  whom  ii  is  intendea."—  /  he  Engineer. 

**  Mr.  Walton  has  written  for  the  profession  of  which  he  is  an  ornament  Bis  woik 
^11  be  read  and  appreciated,  no  donbt,  by  every  M.I.N.A.,  and  with  great  benefit  by  the 
majority  of  th9m.^— Journal  o/Commeret. 


Second  Edition,  Cloth,  8s.  6d.     Leather,  for  the  Pocket,  St.  U 
GRIFFIN'S  BLBOTBIOAIi  PBICE-BOOX :   For  Electrical,  Ciril. 
Marine,  and  Borough  Engineers,  Local  Authorities,  Architects,  Railwij 
Contrftctors,  &c.,  &c.    Edited  by  H.  J.  Dowsing. 

"  The  SLBcntiCAL  Pkicb-Book  asMovas  all  mystsxy  about  the  oost  of  Tin  li teal 
#i0wer.  By  itt  aid  the  xxpbnsb  that  wUl  be  entailed  by  ntilisioff  electrictty  on  a  lM|e  «r 
eiall  ssale  can  be  diacot9nd.**—Arth*Uct, 

UWDON:  CHARLES  6RIFFIN  a  CO..  UNITED.  EXETER  STREET.  STRiMII. 
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Sixth  Edition,  Revised.    Pooket-Size,  Leather.    Ss.  6cL 
A  POCKET-BOOK  OF 

MARINE  ENGINEERING  RULES  AND  TABLES, 

K>R  THE  USB  OV 

Harlne  Engineers.  Naval  Arehiteets,  Designers,  Draaghtsmeiit 
Saperintendents  and  Otliers. 

BY 

A.  R  SEATON,  M.LO.E.,  M.LMech.K,  M.LN.A., 

JLND 

H.  M.  ROUNTHWAITE,  M.LM©ch.E.,  M.LN.A, 

"Admirably  pulrls  its  porpose."— if«f»w  Enfimstr, 


Foupt«enth  Bdltton,  Revised,     Prfae  Sla. 

Ihmff  ivc,   Ohth,      WUh  Nvmerotu  lUuUraiumif  rtdmeid  frmm 

Working  Drawing; 

A    MANUAL    OF 

MARINE   ENGINEERING: 

COMPRISING  THE  DESIGNING,  CONSTRUCTION,  AND 
WORKING  OP  MARINE  MACHINBRY. 

By  A.  E.  SEATON,  M^InstCE.,  M.  Inst  Meclh  !•» 
M.Inst.N.A. 


GKNERAL     CONTENTS. 


Part  L~Prineiples  of  Marine 
Propulsion. 

Part  XL— Principles  of  Steam 
Enfiineerinfir. 

Part  III.— Details  of  Marine 
Engines:  Design  and  Cal- 

V  Thii  Editiom  inclndes  a  Chapter  on  Watbr-Tvbi  Boilbm,  with  III1 
tioM  of  the  leading  Typei  and  the  Revised  Anlee  of  the  Burmu  Fmiimt^ 


enlations  for  Cylinders^ 
Pistons,  Valyes,  Expansion 
Valyes,  Jtc. 

Part  IV.— Propellers. 

Part  v.— Boilers. 

Part  VI.— Hiseellaneoos. 


"*  In  the  thne-fold  oapaoity  of  enabling  a  Student  to  learn  how  to  design,  oonftmoU 
Steem-Engine.  Mr.  Seaton's  Manual  has  NO  wjJAL/^—Iimm. 


end  work  a  Marine  Steam-Engine. 

"The  important  snlijeot  of  Marine  Engineering  is  hers  treated  with  the  neBOoea- 
■VM  that  it  requires.  No  department  has  esoaped  attention.  •  •  .  Qivee  the 
nsults  of  mueb  elose  study  and  practical  work,"— Mngimmrinff. 

"  By  fiu*  the  But  Manual  m  existence.  .  .  .  Gives  a  comi»lete  account  el  tha 
Bothods  of  solving,  with  the  utmost  possible  economy,  the  problems  before  the  Mariaft 
Engineer."— Jflbewaam. 

'^The  Student,  Draughtnnan,  and  Enaineer  will  find  this  work  the  MO«r  talvablb 
Handbook  of  Reference  on  the  Marine  Engme  now  in  existence."— Jfenfos  Enoimar* 

LONDON:  CHARLES  8RIFFIN  A  CO.,  LlHITEDi  EXETER  STREET,  STRAND. 
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m       OBAMtm  mMimw  s  ffO.*§  FUMUOAnomL 
Works  bt  prof.  Robert  h.  smith,  assoc.h.lc.e«p 

M.L1CS.,  ILLSLB.,  HLMlnJE^  WhU.  Boh.,  ICOnLMeljL 


THE     CALCULUS    FOR    ENGINEERS 
AND    PHYSICISTS, 

Applied  to  Technical  Problems. 


0XiA88I7IED  BEFEBEKCK  LIST  OF  IKTEGBAIiS. 
By  PROF.  ROBERT  H.  SMITH. 

▲8SISTKD  BT 

R.    F.    MTJIRHEAD,    M.A.,    B.Sa, 

Fonncrly  Gtafk  FMlMr  of  QlHgow  UniTenlty,  wd  Lwtaror  on  IfothwnUlot  oi 
KMon  CoUego. 

In  Crown  8vo,  extra^  wik  Diagrami  and  Folding-Plate.     8s.  6d. 

**  Pbov.  B.  H.  BviTB't  book  will  b«  servloeable  la  rendtrinf  a  bard  road  am  bait  at  maoii»- 
AMIM  tot  tb«  noB-matlMBiatteal  Btudaot  and  BntlftMr*  — •dttaunim. 

**  iBtorMtiBff  diagrams,  with  practical  UlagtratioiiB  of  actual  ocenrronee,  are  to  be  found  hm% 
In  abnndaace.  Tbi  tbit  covplbsb  cLAssiriu  uvBamci  tabu  will  frore  fttf  oMtal  te 
the  lime  of  tboee  who  want  an  integral  In  a  hiarj.''^Th4  Mngimm; 


MEASUREMENT    CONVERSIONS 

(English   and   French): 

28   O&APHIC   TABLES   OB   DIAGRAMS. 

Showing  at  a  glance  the  Mutual  Convsbsion  of  Mxasubxiibhti 

in  DiFFSBSMT  Units 

Of  Lspgthg,  Areai,  yohimet,  Weights,  Stresses,  Densities,  QiiMitttls» 

«f  Wort:,  Horse  Powers,  Temperatures,  fto. 

F^r  th9  MM  «/  ifiglMtn,  Stuvegon,  AnMUaU,  ami  Coittraeton, 

In  4to,  Boards.      7b.  6d. 


\*  fni.  Smith's  Goktxrsion-Tablbs  form  the  mest  unique  and  oom- 
prenensiye  collection  ever  placed  before  the  profession.  By  their  nse  miiob 
tfane  and  labour  will  be  saved,  and  the  chances  of  error  in  caleulatioii 
diminished.  It  is  believed  that  henceforth  no  Engineer's  Office  will  hm 
iSBsidarsd  complete  without  them. 

"  The  work  it  ivtalvabul"— 0»U«er|r  (Tnonficm. 

"OiiSht  to  be  in  btbbt  office  where  eTen  oeceelonal  eoBTenlODi  are  reqnfred.   .   .   .   TtttL ' 
SKIta*!  Tabia  form  Tcry  bxcbllbrt  cbicxs  on  reralte."-'jneotHoai  Jtevine. 

*'Prof.  Smith  deeerree  the  hearty  thanki,  not  only  of  the  BKorHBBB,  bnt  of  the  OoxnnfllAa 
UA,  for  haring  smoothed  the  way  for  the  adottioh  of  the  Mbtbio  iirwwM  of  Mbaj 
1^  wbieii  m  now  eeramlng  mat  Importanee  m  a  fbetor  la  maintaining  a«r  i 
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ENGINESRIUfG  AND  MBCHAmoa. 


In  Largv  Sto.    Handsome  Cloth.     10b.  6d. 

CHEMISTRY  FOR  ENGINEERS. 

BERTRAM  BLOUNT,      ahd  A.  G.  BLOXAM, 

F.LC.,  P.O.8.,  A.LC.E..  P.LC.  F.O.E,         _ 

Ohwiiit  to  the  Olrown  Afeate  for  OonmiHIiit  Ohamist,  Head  of  th«  OhM 

th0  OoloQiet.  DcpiutmeDt.  Ooldmnltlu'  Inat. 

M«w  OrotA. 


QBirXBAL  COmnSVn.— Z&trodvctioii-OhemlstiT  of  tbe  OU«r  Vatoilals 
•f  Oonttrnotlon— Bouroes  of  Energy— Ohemlttry  of  Steam-ralslsi— Oheaili- 
1x7  of  lAbrloatloB  and  Liibrleuit»— Vetallarilcal  ProoeaiM  uiad  la  tl&o 
Winning  and  Mannfaotnre  of  Metals. 

"The  anthon  bare  buoobbdkd  beyond  all  ezpeetatloii,  and  bare  prodaeed  a  woik  whMi 
ilHwUI  ftre  rKMH  powsa  to  the  JEngliiaer  and  Manaftetorer/'-^rAi  Tinm, 

"Pbacticai.  TaBfOueBODT    ...   an  AsmaABU  tjkv-book*  nMftal  not  only  to  1 
iMt  to  SvoiMHBS  and  Mahaobu  or  woan  in  nsTUXUfft  WAaaa  and  ijcpaorivo  p»-' 


"A  book  worthy  to  take  high  aaitk  .  .  .  treatment  of  the  nibjeet  ef  aanoua  vvs 
paiMonlariy  good.  .  .  .  Watui  qas  and  Iti  prrMlaotlon  dearly  BMnrked  out.  .  .  •  m% 
'vanKU  BBCOMMan  the  work."— JovtimI  o/Oo*  lAohtimg. 

For  Companion  Yolnme  by  the  same  Authors,  see  "  OHBHisTftT 
voB  Manufacturers,"  p.  71. 


WOflKS  BY  WALTER  R.  BROWNE,  M.A.,  M.lNST.C.E., 

Late  Fellow  of  Trinity  College,  Cambridge. 

THE    STUD  ENT'S    ME  C  H  A  N  I  O  S : 
An  Introduction  to  the  Study  of  Force  and  Hotioa. 

With  Diagrams.     Crown  Sto.    Cloth,  41.  6d. 

"Omv  la  ttyla and  pnunkal in  »atl>od,  'Tm  STomirx't  MacxAXict' is omiUkrW^ 
eHMBMided  fron  all  poiata  af  TJew.  '*— ^  tkmmmm. 


FOUNDATIONS    OF    MECHANICS. 

Papen  reprinted  from  the  Enginnr.     In  Crown  Sto,  !•• 


Demy  8vo,  with  Namerons  Illustrations,  9s. 

FUEL    AND    WATER: 

A  Manual  for  Users  of  Steam  and  Water. 

%t   Pbof.    FRANZ    SCHWACKHOFER  of  Vienna,  and 

WALTER  R.   BROWNE,   M.A,,  CE. 

r  Amnge- 


t,&c.,&c. 

''The  Section  en  Heat  is  one  of  tlM  best  and  most  lucid  ever  written."— ^Ntrdbsir. 
"  Cannot  &il  to  be  TaluahU  t«  thousands  using  steam  power.**— iKM^MSf  Bmgimtm, 

LONDON :  CHARLES  GRIFFIN  ft  CO..  LIMITED.  EXETER  STREET.  STRAiUX 
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CBIFFIM'8    LOCAL   COVEBHMEMT   HANDBOOKS. 

WORKS  SUITABLE  FOB  MUIilCIPAL  AND  COUNTY  EN0INEBA8. 
ANALYSTS,  AND  OTHEBS. 

Gas  Manufacture  (The  Chemistry  of)*  A  Handbook  on  the  Pro- 
duction, Purification,  and  Testing  of  Illuminating  Gas,  and  the  Assay  of  Bye^Pro- 
ducts.  By  W.  J.  A.  Bdtterfikli»,  M.A.,  F.I.C.,  F.C.S.  With  Illustrations.  SECOND 
Edition,  Bevised  and  Enlarged.  With  Section  on  Acktylene.  lOs.  6d.  [See  page  77. 
"  Well  deserving  a  place  in  every  gas  engineering  library."— ./ouma^  of  Gat  LighXimg. 

Central  Electrical  Stations :  Their  Design,  Organisation,  and  Manage- 
ment   By  C.  H.  Wobdingham,  A.K.C.,  M.Inst.C.E.    Price  24s.  net. 
f  or  aetailt  tee  opposite  page. 

Sewaffe  Disposal  Works  :  A  Guide  to  the  Construction  of  Works  for 
the  Prevention  of  the  Pollution  hy  Sewage  of  Rivers  and  Estuaries.  By  W.  Sahto 
Cbuip,  M.Inst.C.£.,  F.G.S.  Second  Edition,  Bevised  and  Enlarged.  Large  8to, 
Handsome  Cloth.    With  37  Plates.    Price  30s.  [See  page  70. 

"The  HOST  COMPLETE  AND  BEST  TREATISE  ou  the  subJect  whlch  has  appeared  in  oor 

Itokgnttge."— Edinburgh  Medical  JoumaL 

Trades'  Waste  :  Its  Teatment  and  Utilisation,  with  Special  Reference 
to  the  Prevention  of  Blvers'  Pollution.  By  W.  Naylor,  F.C.8.,  A.M.Inst.C.E. 
With  Numerous  Plates,  Diagrams,  and  Illustrations.  [See  page  77. 

Calcareous  Cements :    Their  Nature,  Preparation,  and  Uses.     With 
some  Bemarks  upon  Cement  Testing.     By  Gilbert  Bedorate,  Assoc.InstC.E. 
With  Illustrations,  Analytical  Dat-a,  and  Appendices  on  Costs,  <&c.    8s.  Gd. 
«<  Invaluable  to  student,  architect,  and  engineer."— Building  Netot.        [See  page  70. 

Road  Making  and  Maintenance :  A  Practical  Treatise  for  Engineers, 

Surveyors,  and  others.  With  an  Historical  Sketch  of  Ancient  and  Modem  fluctioe. 
By  Thomas  Aitren,  Assoc. M.Inst.C.E.,  M.  Assoc.  Municipal  and  County  Engn.; 
M.  San.  Inst.    With  numerous  Plates,  Diagrams,  and  lUustratious.    21s. 

[See  page  70. 
"  Should  be  on  the  reference  shelf  of  every  Municipal  and  County  Enqinekb  in 
the  United  Kingdom."— 2rA«  Surveyor. 

Light  Railways  at  Home  and  Abroad.    By  William  Henry  Ck>Ls, 

M.Inst.C.E.,  late  Deputy  Mannger,  North-Westeni  Bailway,  India.  Large  8vo, 
Handsome  Cloth,  Plates  and  illustrations.    168.  [See  iMge  SO. 

*'  Will  remain  for  some  time  yet  a  Standard  Work  in  everything  relating toIJght 
Railways."— T/t«  £7i^ineer. _ 

Practical  Sanitation :  A  Handbook  for  Sanitary  Insx)ect^r8  and  otherB 
interested  in  Sanitation.  By  Geo.  Beid,  M.D.,  D.P.H.,  Medical  Officer,  Staffordshire 
County  Council.  With  Appendix  on  Sanitary  Law,  by  Herbert  Manley,  M.A.,  M.B., 
D.P.H.    Eighth  Edition,  Bevised.    6s.  [See  page  78. 

"A  HANDBOOK  useful  to  SANITARY  INSPECTORS,  and  ALL  interested  in  Saaitaij 

matters."— (Sanitary  Reeord. 

Sanitary  Engineering:  A  Pr  ctical  Manual  of  Town  Drainaj;e*and 
Sewage  and  Befuse  DUposal.  By  Frank  Wood,  A.M.Inst.C.E.,  P.G  8.,  Borongh 
Surveyor,  Fulham.    YuWy  Illustrated.    8s.  6d.  net.  [See  page  78. 

Dairy  Chemistry:  A  Practical  Handbook  for  Dairy  Managers,  Chemists, 
and  Analysts.  By  H.  Droop  Bichmond,  F.C.S. ,  Chemist  to  the  Aylesbury  Daily 
Company.    With  Tables,  Illustrations,  &c.    Handsome  CloUi,  If  s.  (See  page  78l 

"  The  BEST  CONIEIBUTION  to  tho  subjpct  that  has  yet  appeared."— TAe  Lancet, 

Flesh  Foods :  With  Methods  for  their  Chemical,  Microscopical,  and 
Bacteriological  Examination.  A  Handbook  for  Medical  Men,  Inspectors,  Analytts, 
and  others.  By  C.  Ainsworth  Mitohell,  B.A.,  F.I.C.,  Mem.  Council  Soc.  of  Pnblic 
Analysts.  With  numerous  IllustratlonB  and  a  coloured  Plate.  lOs.  6d.  [See  page  74. 
*<WiLL  SAVE  Medical  Men,  Analysts,  Sanitary  Inspectors,  and  others  an  XNFlHm 

AMOUNT  OP  REFERENCE.  "—rA«  Lancet. 

Foods:  Their  Composition  and  Analysis.  By  A.  Wtntkr  Bltth, 
11.B.C.S.,  F.C.S..  Pnblie  Analyst  for  the  County  of  Devon.  With  Tables,  Foldlag 
Plate,  and  Frontispiece.    Fourth  Edition,  Bevised.    Zls.  [See  pag«  7S. 

"  Am  ADMiBABLi  DiOBBT  Of  the  most  reoent  state  of  knowledge."— C%Miiica<  Jtam. 
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In  Large  %vo.     Handsotm  Cloth,     Profusely  lUustraUd  with  Plates^ 
Diagrams^  and  Figure.     24s,  net, 

CENTRAL  ELECTRICAL  STATIONS: 

Their  Desigfn,  Organisation,  and  Management. 

Including  the  Generation  and  Distribution  of  Electrical 
Energy. 

By  CHAS.    H.    WORDINGHAM, 

A.K.C,  M.Inst.CE.,  M.Inst. Mbch.E., 

Late  Member  of  the  Council  of  the  Institute  of  Electrical  Engineers,  and  Electrical 

Engineer  to  the  City  of  Mandiester. 


CONTENTS. 


Introductory. — Central  Station  Work  as  a  Profession. — Central  Station  Supply  as  an  In- 
▼estment. — The  Establishment  of  a  Central  Station  — Systems  of  Supply. — Choice  of  Site — 
Architectural  Features.  —  Choice  of  Plant  and  General  Design.  —  Boilers  —  Systems  of 
Draught  and  Waste  Heat  Economy. — Methods  of  Firing  Boilers.  —  Coal  Handling,  Weighing,, 
and  Storing. — Feeding  of  Boilers. — The  Transmission  of  Steam. — Generators. — Condensing. 
Appliances. — Switching  Gear,  Instruments,  and  Connections. — Distributing  Mains. — Drawing- 
in  Sjrstems. — Built-in  Systems,  Dielectrics. — Insulation,  Resistance,  and  Cost. — Distributing 
Networks  — Service  Mains  and  Feeders. — Testing  of  Mains. — Recording  and  Laying  of 
Mains. — Meters  and  Appliances  on  Consumers'  Premises. — Standardising  and  Testing  Labor- 
atory.— Secondary  Batteries. — Street  Lighting  — Cost  of  Production. — Methods  of  Cnaiginfr. 
— Regulations  of  Consumer's  Installations. -^[Teneral  Organisations  of  a  Central  Station  -  • 
The  Generating  Station.'The  Mains  Department. — The  Installation  Department.-— The 
Standardising  Department — ^The  Drawing  Office,  Transforming  Stations,  and  Street  Light- 
ing.—The  Clerical  Department— The  Consumer. — The  Routine  and  Main  Laying.— Indbx. 

*'  One  of  the  most  valuable  contributions  to  Central  Station  literature  we  have  had 
for  some  time.  We  wonder  at  the  industry  and  perseverance  which  have  produced  the . 
volume  before  us." — EUciricity, 


MUNBO  *  JAMIESOirS  ELECTBICAL  POCKET-BOOK. 

FiFTBBNTH  EDITION,  Revised  and  Enlarged. 

A    POCKET-BOOK 

OF 

ELECTRICAL  RULES   &  TABLES 

FOR  THE  USE  OF  ELECTRICIANS  AND  ENGINEERS. 

Bt  JOHN  MUNRO,  C.E.,  &  Prof.  JAMIESON,  M.Inst.C.E.,  F.R.S.I. 
With  Numerous  Diagrams.    Pocket  Size.     Leather,  8f.  6d. 

aXNXBAL     OONTXNT8. 

Uniu  of  Measurement.  •—  Measures.  —  Testmg.  —  Conductors.  —  Dielectrics.  —  Suhmaiine 
CaUes. — Telegraphy.— Electro-Chemistry.—Electro-MeuUurgy.— Batteries.— Dynamos  and 
Motors. — Transformers. — Electric  Lighting. — Miscellaneous. — Logarithms. — Appendices. 

"WoliDBKPinxT  PasFmcT.  .  .  .  Worthy  of  tha  highetr  CHUMsdatMa  we  caa 
Wtf  'Ar—SUctrkioH, 

"Ibft  STKauMo  Yalvb  of  M«Mn.  Homo  and  Jambmii's  FooKai^BaoK."— 
MkeirUml  Eawinm, 
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#1  OMAMLM  mmmM  S  CO. V  rUBLiOA  TiOMM. 

By  FBOFBSBCmS  J.  H.  POYWTIlfG  k  J,  J.  THOMgOW. 

In  l4u^  8fo.    Fully  Illufltnted. 

A  TEXT-BOOK  OF   PHYSICS: 

OOMPBIBXKO 

FM0PERTIS8  OF  MATTER;  SOUND;  HEAT;  MAGNETISM 
AND  ELECTRIOITT;    AND  LIGHT. 

J.  H.  POYNTIMG,  '  J.  J.  THOMSON, 

■C.D.,  V.ft.8.,  ^2n)  If.A.,  V.B.8., 

Ute  lUlow  Of  Trinity  Gollec^  Cambrldce;  F«1I«w  of  Trlnitr  College,  Oambridn;  PnC 

^VNfeMor  of  Phyelei,  Mmob  Oollege,  of  JSxpwiBMntel  PhjBiea  ia  Um  UalTml^ 

BirmiDKoam.  of  Cambridii^ 


VoLUMB  already  published,  SscoyB  Edition,  Price  8s.  6d. 

S  O  XJ  M  I>. 

OomnvTS.— The  Natore  of  Soand  and  iti  oUef  Ch»raoterlsliet.--The  Yelodty  of  Boand 
ftl  Air  «nd  other  Media.— Befleo' ion  and  B«fraction  of  Soiand.— Freqnencv  and  Piteh  of 
WolM.— Besonanoe  and  Forced  Oscillationa— AnalyeiB  of  Vibrations.— Tiie  Tranevera* 
▼Itaatloni  of  Stretched  Strings  or  Wires  ~Pi]M«  and  other  Air  Cavities.— Bods.— PJatoa. 
*—1l«ailMranea.— Vibrations  naatntained  by  Heat.— SensitiTC  Flames  and  Jets.— Mnsioa] 
flaad.— The  Snperposition  of  Waves.- Index. 

**  thawork  .  .  .  maybe  recommended  to  anyone  desirous  of  possessing  an  bast 
«r^VO-i>ATB  8TAin>A]u>  TsiATisB  ou  Acoosttos.*'— Lt<«ra<«ra 

*  Very  clearly  written.  .  .  .  The  names  of  the  authors  are  a  guarantee  of  tha 
3  AOCUBACT  and  UF'^To-DaTB  CBABACTBB  of  the  ytotk."' — EdMcation<U  Tvm*. 


Introductory  Volume,  fully  Illustrated.    At  Press. 

prope:rt>ie;s  of  MEiL^rrrsR. 

OOBTBHTS.  —  Gravitation.  —  The  Acceleration  of  Gravity. —  Elantlcity.— stresses  and 
Strains.— Torsion.— Bendhig  of  Rods.— Spiral  Springs.— Co  lision.- Compressibility  of 
Liquids.— Pressures  and  Volumfs  of  Gases.— Thermal  EfTects  Accompanying  Strain.— 
OHnUlarity.— Surface  Teusl on.— Laplace's  Theory  of  Capillarity.— L iff usiou  of  Liquids  • 
DIffnslon  of  Gases.— Viscosity  of  Liqnida— Imobx. 


In  large  Sto,  with  Biblio^aphy,  Illustrations  in  the  Text,  and  seven 
Lithographed  Plates.     I2s.  6d. 

THE  MEAN  DENSITY  OF  THE  EARTH: 

An  Essay  to  which  the  Adams  Prize  was  adjudged  in  1893  in 
iSkB  University  of  Cambridge. 

J.  H.  POYNTING,  ScD.,  F.R.S., 

Late  Fellow  of  Trinity  College,  Cambridge;  Professor  of  Physics,   Mason 
College,  Birmingham. 

**  Aa  aoooont  of  this  subieet  eannol  fail  to  be  of  obba*  end  bbvbbal  xbtbbbb*  to  the  sdentlfle 
'.  Bmeelally  Is  this  the  esse  when  the  accoant  is  givMi  by  one  who  has  eontvibnted  so 
dsrably  as  has  Prof.  Poyntlng  to  our  present  state  of  knowledge  with  respeet  to  a  vwy 
tsnUeet.   .    .   .   BeBsartably  hss  liewtoa's  wtiBaate  been  vsniled  by  Proini^HatT— 
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KAUTJCAL  WOMKS. 


$6.  ORIFFlN'S    NAUTICAL   SERIES. 

Editbd  bt   EDW.   BLACKMORE, 

ICMter  liarlner,  Firtt  CImi  Trinity  House  CertifloAle,  Amo&  Inrt.  K.A. ; 

AVD  Wumnr,  mainlt,  bj  sailobs  for  auLOBS. 


"Tms  ADMIBIBLB  VWKaE."^Fairplau,        **A  ybbt  II8BFUL  SBBIBS."— JTofiinu 
•*TlM  ToliunM  of  Mbssrs.  Obifvin's  KAunoiJb  Bb&ibb  may  woU  Mad  ptomak^  ks 

«Md  bj  ALL  interetied  In  oar  v  Alios  Ah  xabitixi  PBOtt&BflB."— JTaWiw  Engiamr. 

"  EvBRT  Ship  should  have  the  wholi  Sbbibs  as  a  RBnRBNOB  Ldbibt.    1Iaii»- 

lOMBLT  BOUHB,  CLBABLT  PBIBTBD  and  ILLUSTBATBD."— Xjwtyoof  J9wm,  qf  Commarm. 

The  BPltlsh  Mereantile  Marine :  An  Historical  Sketch  of  its  BisB 
and  Development.    By  the  Soitob,  Cipt.  Blaokmobb.    8a.  4kL 
*' Captain  Blackmore's  splbmpid  book    .    .    .    contains  paragraphs  on  every  point 
of  Interest  to  the  Merchant  Marine.    The  248  pages  of  this  book  are  THB  most  TAI.U- 
ABSM  to  the  sea  captain  that  have  bvxr  been  compilbd."— JT^reAofif  S9rtio$  Mmimk 

BlMnentary  Seamanship.    By  D.  Wumov-Bavkek^  Master  MsriMiv 

r.B.S.E.,  F.B.O.8.    With  numexous  PUtes,  two  in  GQloBn»  and  WtaMMtlma, 
Sboobd  Edition,  Bevised.    fis. 

'This  ADMIBABLB  MANUAL,  by  CAPT.  WILSOB  BABBBB,  Of  the  'WoroSStSK/  SMBSt 

to  OS  PBRVBOVLT  J>t8lQmux"—Athmumun, 

Know  Your  Own  Ship :  A  Simple  Explanation  of  the  Stability,  Con- 
struction, Tonnage,  and  Freeboard  of  Ships.    By  THOfl.  Walton,  Naval  ijrehHect. 
With  numerous  Illustrations  and  additional  Chapters  on  Bvoyaacy,  Trim,  and 
Calculations.    Sixth  Edition,  Revised.    7s.  Od. 
"Mb.  Walton's  book  will  be  found  vbry  useful."— TAe  Engineer, 

Nayigation :  Theoretical  and  Praetieal.    Bt  D.  Wiuon-Babku, 

Master  Mariner,  ^tc,  and  William  Allinoham.    8s.  6a. 

"  PBB0I8ILT  the  kind  cf  work  required  for  the  New  Certiflcates  of  oompetoMf . 
Candidates  wUl  find  it  OfYALUABLB.'— i>tinc{M  Adtoertitr, 


Marine    MeteorolOgry :    For    Officers    of    the   Merchant   Navy.       By 
WiLUAM  Allinqham,  First  Class  Honours,  Navigation,  Science  and  Art  DepartmenL 
With  Illustrations,  Maps,  and  Disgranis,  and  foetimiU  reproduction  of  log  page. 
7s.  ed. 
"Quite  the  bbst  publication  on  this  subject."— iS&ij^n^  Oazette, 


Latitude  and  Longitude :  How  to  find  them.    By  W.  J. : 

C.E.,  late  Sec  to  the  Inst,  of  Engineers  and  Shipbuilders  in  Scotland.    2s. 

"  Cannot  but  prove  an  acquisition  to  those  studying  Navigation.*'— Jfan'fM  Bnginter. 

Practical  Mechanics :  Applied  to  the  reqairements  of  the  Sailor. 
By  TH06.  Maokinzib.  Master  Mariner,  F.B.A.S.  Sscond  Edition,  Bevised.  8s.  6d. 
'*  Wbll  wobth  the  money  .    .    .  bxobbdinglt  hilppul."— .Sk^iiv  WorUL 

Trigonometry :  For  the  Young  Sailor,  &c     By  Rich.  C.  Buck,  of  the 
Thames  Nautical  Training  College,  H.M.S.  "  Worcester."  SBOOND  iDinoN,  Brrised. 
Price  8s.  6d. 
*'This  bminbbtlt  PBAonOAL  and  reliable  volume. "—^Aoolfnatter. 


Practical  Alffebra.     By  Kioh.  C.  Buck.    Companion  Volmne  to  the 

above,  for  Sailors  and  others.    Price  Ss.  6d. 

"  It  Li  just  THB  BOOK  for  the  young  sailor  mindful  of  progreis.  —NauHeal  Magann: 

The  Legal  Duties  of  Shipmasters.    By  Bbnkdiot  Wm.  Ginsbubo, 

M.A.,  XL.D.,  of  the  Inner  Temple  and  Northern  Circuit ;  Barrister-at-Law.    Prtoe 
4s.  60. 
IHVALUABLB  to  masters.    .    .    .    We  can  fully  recommend  it."— «SK#!pi9VCto»<te. 

^rs.    Inclndinff  First 
Medical  Officer,  teamea's 


A  Medical  and  Surgioal  Help  for  Shipmasters.   Including  First 

lid  at  Sea.    By  Wm.  Johnson  Smith,  F.B.C.S.,  Principal  Med 


Hospital,  OMenwioh.   Sscond  Edition,  Bevised.    6s. 
*'floinn>,  juDioiovs,  BSAij«r  mMuwvhr—Tka  UmuL 
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GRIFFIN'S  NAUTICAL  SERIES, 

Price  Ss,  6d.     Post-free, 
THE 

British  Mercantile  Marine. 

By  EDWARD    BLACKMORE, 

MASTBIt  MARINER;   ASSOCIATS  OP  THE  INSTITUTION  OP  NAVAL  ARCHITBCTS} 

MEMBER  OP  THE  INSTITUTION  OP  BNGINBBRS  AND  SHIPBUILDERS 

IN  SCOTLAND;  EDITOR  OP  GRIPPIN'S  "NAUTICAL  SBRIBSk" 

GiNiiUL  Contents.— Historical  :  From  Early  Times  to  1486~Pr(^TeM 
ttndtr  Henry  VIII.— To  Death  of  Mary— Dming  Elizabeth's  Beign— iJt)  to 
the  Reign  of  William  III.— The  18th  and  19th  Centuries— Institutioft  of 
Szaminations  —  Bise  and  Progress  of  Steam  Propulsion  —  Development  of 
Free  Trade— Shipi)ing  Legislation.  1862  to  1875— "  Locksley  Hall^  Case— 
Bhippasters'  Societies— Loading  of  Ships— Shipping  Legislation,  1884  to  1894 — 
BtatiBtics  of  Shipping.  The  Personnel  :  Shipowners— Officers— Mariner*— 
Duties  and  Present  Position.  Education:  A  Seaman's  Education:  what  it 
■honld  be— Present  Means  of  Education— Hints.  Discipline  and  Duty — 
Poitscript— The  Serious  Decrease  in  the  Number  of  British  Seamen,  a  Matter 
demanding  the  Attention  of  the  Nation. 

**IvTBRB8TiHa  And  iMSTBucriTB  .  ,  .  may  be  read  with  PEorrr  and  BVJOTiann.*'— 
0lmtgot»  Btrald, 

*'Etbbt  beakob  of  the  sabject  la  dealt  with  in  a  way  which  shows  that  the  wilter 
*  knows  the  ropes'  familiarly."— <8eo<«nian. 

"This  ADMUABLB  book  .  .  .  TBXK8  With  oseful  information->8hoiild  be  in  fbA 
of  STery  Bailor.'*— ir««<«rfi  Morning  Ntwt. 


Second  Edition.     Price  58.  Post-free. 

ELEMENTARY    SEAMANSHIP. 

D,  WILSON-BARKER,  Master  Mariner;  F.R.S.E.,  F.R.G.S.,&a,&o.; 

TOUNOBR  BROTHER  OF  THE  TEINITT  HOUSE. 

With  Frontispiece,  Twelve  Plates  (Two  in  Colours),  and  IllustrationB 
in  the  Text. 
GmnnAL  Contents.— The  Building  of  a  Ship;  Parts  of  HuU.  Masts. 
Ac— Ropes,  Knots^  Splicing,  &c.  —  Gear,  Lead  and  Log,  Ac  —  Bigging, 
Anchors  —  SaUmaking — The  Sails,  &c. —Handling  of  Boats  under  Sail  — 
Signals  and  Signalling— Rule  of  the  Boad— Keeping  and  Relieving  Watch — 
Pomts  of  Etiquette— Glossary  of  Sea  Terms  and  Phrases — Index. 

***  The  Tolnme  conUins  the  new  bulbs  ov  the  boad. 

**  TbiB  ABMiBABLB  MANI7AL,  by  Capt.  Wilson-Babkbb  of  the  *  Worcestar,'  seems  to  vm 
raaSBCiLT  DBsienBD,  and  holds  its  place  ezoellentlT  in  *  QBiFmr's  Nadtioal  Sbaxxs.*  .  .  . 
Although  intended  for  those  who  are  to  become  Offloers  of  the  Merchant  Navy,  it  wOl  be 
foond  useful  by  all  taohibmeii. "— i< thenmum. 

''  Five  shillings  will  be  wbll  spbbt  on  this  little  book.  Oatt.  Wosov-Barkbe  knows 
from  ezpecienoe  what  a  youig  man  wants  at  the  outset  of  his  career.**— 7A«  JSn^Utttr. 

%*  For  complete  List  of  OEnrm's  Nautical  Sbsos,  see  p.  4A. 
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QRIPFIN'S  NAUTICAL  SERIES. 

Price  Sa,  6d.     PoBtrfree. 

IN^AViaATION: 

By  DAVID  WILSON-BARKER,  RN.R,  F.R.S.E.,  &c.,  &o.^ 

ANP 

WILLIAM  ALLINGHAM, 

imn-CLASB  HOKOUH8,  NATIQATION,  SOIINOB  AND  ABT  DBPARTXBKT. 

Vnitb  'Aumeroud  ^Uuatrationa  and  Anamination  (SlucBtionik 

GlNBHAL  CoMTiENTS. — Definitions — Latitncle  and  Longitude— Instraments- 
of  Navigation — Correction  of  Courses — Plane  Sailincf — Traverse  Sailing— Day*i 
Work  —  Parallel  Sailing  —  Middle  Latitude  Sailing  —  Mercator*s  Chart— 
Meroator  Sailing— Current  Sailing— Position  by  Bearings— Great  Circle  Suling 
—The  Tides— Questions — Appendix :  Compass  Error — Numerous  Useful  Hinta* 
Aa— Index* 

**  Pbboisblt  the  kind  or  work  required  for  the  New  Certifleatos  of  competency  in  grade* 
ffetMB  Second  Mate  to  extra  M&ster.    .    .    .    CandidateB  wQl  find  2v  ISYAUJAMLM."—Ihmdm 

"A  OAPrrAL  UTTU  BOOK  .  .  .  spedftlly  adapted  to  the  New  ISxaminatiooa  Tbe 
Aathon  are  Oapt.  WnjBON-BAXXBB  (Captain-Superintendent  of  the  Nantioal  College,  H.11.& 
'  Worcester/  who  has  had  great  experience  in  the  highest  problems  of  Nayigation),  and 
Ma.  AiuvaHAic,  a  well-known  writer  on  the  Science  of  Navigation  and  Nautical  Aatronomy.** 
-AWj»f«ig  World. 


Handsome  Cloth,    Fully  IllusiraUd.     la,  Qd.     Poat-Jret, 

MARINE    METEOROLOGY, 

FOR  OFFICERS  OF  THE  MERCHANT  NAVT. 
By  WILLIAM  ALLINGHAM, 

Joint  Author  of  "Navigation,  Theoretical  and  Practical." 

With  namerouB  Plates,  Maps,  Diagrams,  and  ninBtrations,  and  a  facsimile 
Reproduction  of  a  Page  from  an  actual  Meteorological  Log-Book. 

STJMMAKY   OF  CONTENTS. 

UlTKOnuCTORT.- iDstraments  Used  at  Sea  for  Meteorological  Puiposes.— Meteor»^ 
logical  log-Books.— Atmospheric  Pressure.— Air  Temperatures.— Sea  Temperatures. — 
'Winds.— wind  Force  Scales.— History  of  the  Law  of  Storms.- Hurricanes,  Seasons,  an<ii 
Storm  Tracks.— Solution  of  the  Cyclone  Problem.— Ocean  Currents.— Icebeigs.—Syn^ 
ehronons  Charts.— Dew,  Hists,  Fogs,  and  Hase.— Clouds.— Kaln.  Snow,  and  HalL — 
ICimge,  Bainbows,  Coronas,  Halos,  and  Meteors.— Lightning,  Corposants,  and  Auroras. — 
QiriBnoNS.  —AppBNnix.— Index. 

**  Quite  the  SBST  publication,  akd  certainly  the  voST  xstsbbstixo,  on  this  sut^ect  ever 
presented  to  Nautical  mtxi."— Shipping  GaaMc 

*«*  For  Complete  List  of  Gripuk's  Nautical  Sxbibs,  see  p.  46, 
*  LONDON:  CHARLES  GRIFFIN  A  CO..  LIMITED.  EXETER  8TREEL  STRAND. 

Digitized  by  VjOOQ IC 


#        OMAMLMB  »urrrw  A  oo.*a  rvMuainoMt. 
QRIFFIN'S   NAUTICAL  8EBIB8. 

Sboond  Edition,  Revised.     With  Nnmeroiu  IlliutratioDB.    Si.  6d. 

Practical  Mechanics: 

Applied  to  the  Bequirements  of  the  Sailor. 
By    THOS.    MACKENZIE, 

MmHr  MaHmtr,  F.R.A.& 
GoiratAL  Contents. — Resolution  and  Composition  of  Forces— Work  dimm 
tf  Machines  and  Living  Agents— The  Mechanical  Powers:  The  Lever; 
Derricks  as  Bent  Levers— The  Wheel  and  Axle:  Windlass;  Ship's  Capstan; 
Crab  Winch— Tackles :  the  '*01d  Man"— The  Inclined  PUne;  the  Screws 
The  Centre  of  Gravity  of  a  Ship  and  Cargo  —  Relative  Strength  of  Rope  : 
StMlWire.  MamUa,  Hemp,  Coir — Derricks  and  Shears — Caloolation  of  t]|« 
•Gross-breakinK  Stnun  of  Fir  Spar— Centre  of  Effort  of  Sails— Hydrostatics : 
His  Diving-bell ;  Stability  of  Floating  Bodies ;  the  Ship's  Pnmp,  &c. 

"  This  excellent  book  .  .  .  contains  a  LABas  amount  of  infonnatio&.'' 
— Itaiure. 

"  Well  worth  the  money  .  .  .  will  be  found  exosedinolt  helffux*.'*— 
Shipping  WorUL 

*'Ko  Ships'  Officers'  bookcase  will  henceforth  be  complete  without 
Captain  Mackenzie's  *  Practical  Mechanics.'  Notwithstanding  my  maaj 
vears'  experience  at  sea,  it  hou  told  me  how  much  more  there  is  to  ac^uirSi"— > 
{Letter  to  the  Publishers  from  a  Master  Mariner). 

^*  I  must  express  my  thanks  to  you  for  the  labour  and  care  yon  have  takea 
la  'Pbactical  Mechanics.'  .  .  .  It  is  a  life's  experiencx.  .  .  . 
What  an  amount  we  frequently  see  wasted  by  rigging  purchases  without  reason 
maud  accidents  to  spars,  &c.,  &c. !  *  Practical  Mechanics'  would  bate  all 
THIB." — (Letter  to  the  Author  from  another  Master  Mariner). 

WORKS  BY  RICHARD  C.  BUCK, 

of  the  Thames  Nantical  Training  College,  H.li.S.  *  Woroeater.* 

A  Manual  of  Trigonometry: 

With  Diagrams,  Examples,  and  Exercises,    Post-free  3s.  6d> 

Second  Edition,  Revised  and  Corrected. 
*«*  Mr.  Back's  Text- Book  has  been  specially  pbepaked  with  a  view 
to  the  New  Examinations  of  the  Board  of  Trade,  in  which  Trigonometry 
it  an  obligatory  subject. 

••This  sunisiiTLT  PBAoncAL  and  bbuablb  TOLtnia."->5eAoaImMf<r. 

A  Manual  of  Algebra. 

4)migiwd  to  meet  the  Requirements  of  Saiiore  and  others.    Prhe  8a.  6d, 
\*  These  elezneniary  works  on  alobbUl  and  TRioosomETRT  are  written  specially  tor 

I  who  will  hare  little  opportunity  of  consaltlog  a  Teacher.    They  are  books  for  *' 

,"    AU  bttl  the  iimpUat  ezplanatfonB  have,  therefore,  been  avoided,  and  ans^ 


ihe  Bxeroiaes  are  given.  Any  person  may  readily,  by  oarefnl  stadv.  become  master  of  their 
eoalents,  and  thus  lay  the  foundation  for  a  farther  mathematical  oonrse,  if  desired.  It  Is 
koped  that  to  the  yoangor  Offlcars  of  our  Mercantile  Marine  ther  will  be  foand  decMsdly 
SSMlossble.  The  Kxamplee  and  £xeroiues  are  taken  from  the  fizaminatlon  Papenset  ter 
ihe  Oadets  of  the  "  Worcester." 

**  Clearly  arranged,  and  well  got  up.    .    .    .A  llrtt-rate  Elementary  Alcebva.  — 

***  For  complete  List  of  aaima's  Nadhoal  Bbbibs»  sse  p.  ifc 
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WAUTIOAli  W0MK8. 


gEIFlTN'8  yAPTICAL  SCTm. 

In  Crown  8^0.    Handsome  Cloth,    is.  6d.    Post-free. 

THE  LEGAL  DUTES  OF  SHIPMASTERS. 

BT 

BENEDICT  WM.  GINSBURG,  M.A.,  LL.D.  (OAMTAa), 

Of  the  Inner  Temple  and  Northern  Circoit;  Barrister-at-Law. 

General  Contents.— The  Qnaliflcation  for  the  PositioD  of  Shipmaster^The  Oon- 
traot  with  the  Shipowner— The  Master's  Duty  in  respect  of  the  Crew :  Bngafement ; 
Axmrentlces:  Discipline ;  ProTiBions,  Accommodation,  and  Medical  Comforts ;  Pajmeni 
of  wages  and  Discharge— The  Master's  Duty  in  respect  of  the  Passengers— Tbs  Master's 
Financial  BesponsibUities— The  Master's  Duty  in  respect  of  the  Cargo— The  Master's 
Daty  in  Case  of  Casualty— Tlie  Master's  Duty  to  certain  Public  Authorities— The 
Msster's  Duiy  in  relation  to  Pilots,  Signals,  Flass,  and  Liffht  Dues— The  Master's  Duty 
upon  Arrinu  at  the  Port  of  Discharge— Appendices  relative  to  certain  Legal  Matters : 
Board  of  Trade  Certificates,  Dietarr  Scales,  Stowage  of  Grain  Cargoes,  Jx)ad  line  Segula- 
tlons,  Life-saving  Appliances,  Carriage  of  Cattle  at  Sea,  Ac,  &c.— Copious  Index. 

"  No  Intelligent  Master  should  faU  to  add  this  to  his  list  of  necessary  books.  A  ftm  Itaiss 
of  It  may  savb  a  lawtui's  raa,  bbsidbs  shdlbss  wobrt.  "—ZrtMrpoa<  Journal  af  Commerce 

"  Sbhsiblb,  plainly  written,  In  olsab  and  ho»-tbcbhical  LAHOCAaa,  and  wHl  be  Ibuid  sf  ' 
MDOH  sBBVicn  by  the  Shipmaster."— ii^tfuA  Tradi  RevUu. 


Crown  Syo,  with  Diagrams.     28.     Post-free. 

Latitude  and  Longitude: 

Soisr    to    Find    tbem.. 

By   W.   J.   MILLAR,   C.K, 

LaU  SurMary  to  th»  IntU  of  Enginurt  and  ShipbuUdtrs  in  SeoHand. 

"  CoNOisELT  and  glsarlt  written   .    .   .    cannot  bat  prove  an  acquisition 
to  those  studying  Navigation."— Jfartn«  Engineer, 

'*  Yonng  Seamen  will  find  it  hai^dt  and  useful,  bimpls  and  OUULX."— fAe 


FIRST  AID   AT  SEA. 

6XC0KD  Edition,  Revised.    With  Coloured  Plates  and  Numerous  niustra- 
tions,  and  comprising  the  latest  Regulations  Respecting  the  Carriage 
of  Medical  Stores  on  Board  Ship.     Post-free.     6s. 

A  H£Dm  AND  SM6IGAL  HELP 

FOR  SHIPMASTERS  AND  OFFICERS 
IN   THE  MERCHANT  NAVY. 

BY 

WM.      JOHNSON      SMITH,    F.RO.S., 

Principal  Medloal  Officer,  Seamen's  Hospital,  ereenwicb. 

%*  The  attention  of  all  Interested  in  our  Merchant  Nayy  Is  requested  to  this  exosedlaftf 
«sefal  and  valuable  work.  It  is  needless  to  say  that  it  is  the  oiztoome  of  ma^  ysen 
nuonosL  BsrsHisacs  asoongst  Seamen. 

**80US1>,  JCniGIOCB,  BSALLT  BBLPFUL."— T!A«  ZaiMlf. 

*^*  For  Complete  List  of  Gkitfin's  Nautical  Skkhs,  see  p.  46. 
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OHARLSa  ORIFFIN  *  CO:S  PUBLICATIOHTS. 


QBITFIN'S  NAXrriCAL  SERIES. 

Sixth  Edition.     Revised,  with  Chapters  on  Trim^  Buoyancy^ 

and  CalculcUiona.    Numerout  lUustrcUicnt,    Bandsonu 

Cloth,  Crown  8vo,    78,  6d, 


By  THOMAS  WALTON,  Naval  Akchitect. 

■PKaALLT    ARBANGID    TO    SUIT    THE    RBQUIREMXNTS    OJ    SHIPS*   OVWICEBB^ 

SHIPOWNERS,   SUPERINTENDENTS,   DRAUGHTSMEN,    SNOINXEB8, 

AND  OTHERS. 

This  work   explains,  in  a  simple  manner,   such   important 
subjects  as: — 


Displacement, 

Deadweight, 

Tonnage, 

Freeboard, 

Moments, 

Baoyancy, 

Strain, 

Stmctore, 


Stabmty, 
Rolling, . 
Ballasting, 
Loading, 
Shifting  Cargoes, 
Admission  of  Water, 
Sail  Area, 


**  The  little  book  will  be  found  exceedingly  handy  by  most  officen  and 
effioials  connected  with  shipping.  .  .  .  Mr.  Walton's  work  will  obtaia 
LASTING  snooBSs,  because  of  its  onique  fitness  for  those  for  whom  it  has  been 
written." — Shipping  World. 

*'  An  excellent  work,  full  of  solid  instruction  and  inyaluablb  to  evesy 
officer  of  the  Mercantile  Marine  who  has  his  profession  at  heart." — Shipping. 

*'  Not  one  of  the  242  pages  could  well  be  spared.  It  will  admirably  fulfil  ita 
purpose  .  .  .  useful  to  ship  owners,  ship  superintendents,  ship  draughta- 
men,  and  aU  interested  in  shippmg." — Liverpool  Journal  of  Commerce. 

*'  A  mass  of  very  useful  information,  accompanied  by  diagrams  and  iUna- 
trations,  is  given  in  a  compact  loTm."^Fairplay* 

**  We  have  found  no  one  statement  that  we  could  have  wished  differently 
•zpreMed.  The  matter  has,  so  far  as  clearness  allows,  been  admirably  con- 
denaed,  and  is  simple  enough  to  be  understood  by  every  seaman.  ""JtfartfM 


BY   THE    SAME    AUTHOR, 

Steel  Sliips;  Tbeir  Constrnction  and  Maintenance. 

(See  page  38.) 
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§§  7-8.  Griffin's  Geological,  Prospecting,  Mining,  and 
Metallnrgical  Publications. 


Geology,  Stratigrraphical, 
M    Physical, 
t.    Practical  Aids,     . 
,,    Open  Air  Studies, . 
Griffin's  "New  Land"  Series, 

Prospectingr  for  Minerals, 

Food  Supply, . 

New  Lands,    . 

Building  Construction, 
Ore  and  Stone  Mining,  . 
Elementary  Mining, . 
Coal  Mining, 

Practical  Coal  Mining,    . 
Elementary         „ 
Petroleum, .... 
A  Handbook  on  Petroleum, 
Mine-Surveying, 
Blasting  and  Explosives, 
Mine  Accounts, . 
Mining  Engineers'  Pkt.-Bk., 
Metallurgy  (General), 

„  (Elementary), 
Assaying,  .... 
Metallurgical  Analysis,  . 
Griffin's  Metallurgical  Series 

Introduction, . 

Gold,  Metallurgy  of,    . 

Lead  and  Silver,  „ 

Iron,  Metallurgy  of, 

Steel,  „ 

Metallurgical  Machinery, 
Getting  Gold,     . 
Cyanide  Process, 
Electric  Smelting,    . 
Electro-Metallui^y, . 
Goldsmith  and  Jeweller's  Art, 


R  Ethrbidob,  F.B.S., . 
Fbuf.  H.  G.  Seelkt,  . 
Prof.  Gbenyillk  Ools, 


ItAQM 
53 

63 
53 

85 

Ed.  by  Peof.  Cole,     .  .        54 

S,  Herbert  Cox,  A.R.S.M.,  .  56 
KoBT.  Bruce,  ...  55 
H.  E.  Mill,  D.Sc,  F.R.S.E.,  64 
Prof.  James  Lyon,  .  .  54 
Prof.  Ls  Neve  Foster,       .       56 

H.  W.  Hughes,  F.G.S.,        .        67 
G.  L.  Kerb,  M.Inst.M.E.,     .        68 
„  „  .        58 

Redwood  and  Holloway,  .  60 
J.  H.  Thomson  and  Dr.  Redwood,  60 
Bennett  H.  Brough,A.R.S.M.,  66 
O.  Guttmann,  A.M.I.C.E.,  .  57 
Prof.  J.  G.  Lawn,       .        .       58 

E.  R.  Field,  M.Iiist.M.M.,  .  59 
Phillips  and  Bauermah,  .  61 
Prof.  Humboldt  Sexton,  .  66 
J.  J.  k  C.  Beringer,  .  .  66 
J.  J.  Morgan,  F.C.S.,  .  .  67 
Ed.  by  S 1 R  W.  Roberts-Aubtek,  62 
Sir  W.  Roberts- Austen,  K.O.B.,  63 
Dr.  Kirkk  Rose,  A.R.S.M.,  63 
H.  F.  Collins,  A.RS.M.,  .  64 
Thos.  Turner,  A.R.S.M.,     .       65 

F.  W.  Harbobd,  A.RS.M  ,  .  65 
H.  C.  Jenkins,  A.R.S.M.,  .  65 
J.  C.  F.  Johnson,  F.G.S.,  .  59 
James  Park,  F.G.S.,  .  .  69 
Borchers  and  McMillan,  .  68 
W.  G.  McMillan,  F.I.C,  .  68 
Thos.  B.  Wioley,  ...  67 
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Demy  8vo,  Handsome  cLoth,  18$. 

Pbysical  Geology  and  Paleontology, 

OJV    TEE  BASIS   OF  PEILLIP8. 

BT 

HARRY    GOVIER    SEELEY,    F.R.S, 

pmovancni  or  CBOGXAnnr  in  kimg's  coulbgb.  vonmom, 

Witt)  ytotttfdpiece  in  CbtOTno*Xitbodtiq)liVt  and  Slfn^tnitioiii^ 

**  It  is  impossible  to  praise  too  hif^y  the  research  whidi  Profsssok  Suukt^ 
*  Physical  Geology  ^  evidences.  It  is  far  more  than  a  Text-book— it !» 
a  Diebctoey  to  the  Student  in  prosecuting  his  researches." — /WmAwIm/  ^4^ 
lArvrj u  the  Gtological  SocUfy^  i885,i^  J?/v. .^V^. Bmmf,  D.Sc^ LLJ}.^  FJLS. 

**  Peotessoe  Sebley  maintains  in  his  '  Physical  Geology  '  the  hi^ 
icpQtation  he  already  desenrediy  bears  as  a  Teacher."  — ZV.  Htmy  Wm^ 
ward^  F.R.S.t  in  tA£  **  GflegutU  MtLgantu?^ 

**  Peofbssoe  Seeley*s  woric  includes  one  of  the  most  satisfibctoiy  Treatiata 
on  lithology  in  th^  English  language." — AffUficmti  Jwmml  tf  Emginmnmf, 


Demy  8vo,  Handgom^  cloth,  34^. 

StratJgrapMcal  Geology  &  Palseontoli^, 

OJf  THE  BASIS   OF  PHILLIPS. 

«r 

ROBERT    ETHERIDGE,    F.R-S, 

eV  Tm  NATVKAI.  MIST.  DBrAXTUBNT,  mtlTlSM  IfVSBUIf.  LATB  rAUBONrOLOCIST  TS  THfe 

CBOIOGICAI.  SURVBV  OF  CRBAT  BSITAIN.  PAST  PEBSIDBNT  OT  TMB 

GBOLOGICAX.  SOCIBTY.  STC. 

vnitb  Aap,  llumetoud  XSMitBy  and  ZXAtt^^eli  pbitci» 

I  of  ftologiad  knofwkdE*  has  Sfor  beta  laoacht  tngstfcsr 


"  If  Paop.  Siui.ar*s  toIium  waa  reoiwkable  for  its  origiaafity  uul  di«  bi«adlh  of  itt 
Mr.  Stmhudgb  iully  justifiot  the  aiMrtaon  maAt  in  hia  rre&ot  that  his  book  dMbn  i 
SUttitftt  and  detail  Horn  any  kaowa  manual.  .  .  .  Matt  take  high  bamc  amohq  i 
or  asFBRBNCB.  "—A  ikfnmtm. 


OPEJI-AIR  STOMES  iH  GEOIiOGY: 

An  Introduction  to  Geology  Out-of-doors. 

By  professor  GRENVILLE  COLE,   M.R.LA.,  F.G.SL 
For  details,  see  Griffin's  Introductory  Sdenoe  Series,  p.  85. 
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M3TB0B0L0QT  dNJ>  maOLOQT.  53 

Just  out.     Croum  Stv.     Handsome  ClatK     2s,  6d, 
RESEARCHES  O'K  THE  PAST  AND  PRESENT  HISTORT 

OF 

THE    EARTH'S    ATMOSPHERE. 

Including  the  latest  Diacoveriea  and  their  Practical  Applications. 

By  dr.  THOMAS  LAMB  PHIPSON. 

PART  I.— The  Earth's  Atmosphbrb  in  Remote  Geological  Periods. 

PART  II.— The  Atmosphere  of  our  Present  Period. 

Appendices;  Index. 

*,*  Dr.  Phipson's  work  presents,  amidst  much  which  is  of  interest  to  the 
Scientist  and  the  General  Reader  alike,  a  short  risumi  of  his  discovery  of  the 
origin  of  Atmospheric  Oxygen,  the  existence  of  which  he  attributes  wholly  to 
the  action  of  Solar  Radiation  upon  vegetable  life.  The  book  will  be  found 
replete  with  much  that  is  new,  curious,  and  interesting,  both  in  connection  with 
Weather  Lore,  and  with  Scientific  Meteorology. — Publishet^s  NoU. 

"  The  book  should  prove  of  interest  to  general  readers,  as  well  as  to  meteorologist* 
and  other  students  of  BOienoe.'*»jra<«ire. 


By  GRENYILLE  A.  J.  COLE,  H.R.I.A.,  F.O.S^ 

ro^isor  of  Geology  ia  the  Royal  CoBege  of  Sdeaoe  for  Ireland,  and  Examiner  in 
University  of  London. 

See  also  page  85  anJ  the  two  JoUonving  pages  (54,  55). 


AIDS    IN 

PRACTICAL    GEOLOGY: 

WITH  A   SECTION  ON  PALjEONTOLOGY, 

By  professor  GRENVILLE  COLE,  M.R.I.A.,  F.G.S. 

New  Edition.     With  Frontispiece  and  Illustrations. 
Cloth,  lot.  6d.      Shortly. 

aXNXRAL    GONTSKTS.— 
PART     I.— Sampling  of  the  Bakth's  Cxust. 
PART    II.— Examination  or  MiNBKALg. 
PART  III.— Examination  of  RocUw 
PART  IV.— Examination  op  Fossils. 

**  Plot  Cole  treats  of  the  examination  of  mmerals  and  rocks  in  a  way  that  has  ne^w 
haaa  attempted  before  .  .  .  obsbkting  or  thb  hichbst  raAiss.  Here  indeed  are 
'  Aids '  iNHUMBaAaLB  and  invaluable  All  the  directions  arc  givea  with  the  ntBMet  dear* 
■am  and  pnTiaioai'*    Athtnuum. 

"That  the  work  deserrm  iu  title,  that  it  b  full  of  'Aids/ and  ia  the  highait  degna 
'MAcncAL,'  will  be  the  veidia  of  aU  who  use  'n.'—Nnimnt. 

**  This  BZCBLLBNT  MANUAL     .     .     .     will  bc  A  TSBY  GBBAT  RBLP.      .     .     .     The  SOCClOA 

«ft  Iha  iTsamiaiinB  of  FeaaiiB  is  probably  the  bbbt  of  its  kind  yet  published    .    .    .    FuiA 
•f  aiM  il^erted  infngBiBtioB  from  the  aeweat  aoiuces  and  from  pwsoaal  research."    Ammmh 

UWDON:  CHARLES  GRIFFIN  A  CO,  UMITED.  EXETER  STREET,  STBUa 
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14         oBABua  9uwnn  *  oo.'»  PUBuoATmaa. 
GRIFFIN'S  "NEW  LAND".  SEBIES. 

Practical  Hand-Books  for  the   Use  of  Prospectors,  Explorers, 

Settlersy  Colonists^  and  all  Interested  in  the  opening 

up  and  Development  of  New  Lands. 

Editbd  by  GRENVILLE  A.  J.  COLE,  M.R.I.A.,  F.G.S., 

Professor  of  Oeology  in  the  Royal  CoUe^'of  Science  for  Ireland,  and  Examiner  in 

the  University  of  London. 


/»  Crown  %vo,     Ilandaome  doth.     5s. 
With  Numerous  Maps  Specially  Drawn  and  Executed  for  this  Work, 

NEW     LANDS: 

THEIB    BESOURCES    AND    PBOSPECTIVB 
ADVANTAGES. 

By  HUGH  ROBERT  MILL,  D.Sc,  LL.D.,  F.R.S.E., 

Librarian  to  the  Royal  Geographical  Society. 

l2^RODUCTORY.— The  Development  of  New  Lands.— The  Dominion  of 
Canada.  —  Canada,  Eastern  Provinces.  —  Canada,  Western  Provinces  and 
Territories.— Newfoundland.— The  United  States. — Latin  America,  Mexico. — 
Xiatin  America,  I'emperate  Brazil  and  Chili. — Latin  America,  Argentina. — 
The  Falkland  Islands.- Victoria.— New  South  Wales.— Queensland.— South 
Australia.— Tasmania.— Western  Australia.- New  Zealand.— The  BeioaroM 
oi  South  Africa.— Southern  Rhodesia.- Indbx. 

**  PAIKSTAKIXa     .     .     .     COMPLBTB     .      .     .     oF  great  nt ACTIO  «L  AMISTAWCI.''—T'A«  ^Mtf. 

**  A  want  admirably  sapplied.  .  .  .  Has  the  advantage  of  beitig  written  by  a- pro* 
Messed  Qeographer.  "—(?«o/ra/>/itca/  Journal. 


IN  PREPARATION. 
BUILDING  CONSTRUCTION  in  WOOD,  STOUE,  and 
CONCRETE.  By  James  Lyon,  M.A.,  Professor  of  En- 
gineering in  the  Royal  College  of  Science  for  Ireland; 
sometime  Superintendent  of  the  Engineering  Department  in 
the  University  of  Cambridge;  and  J.  Taylor,  A.R.C.S.I. 


%*  Other  Volumes,  dealing  with  subjects  of  Pbimabt 
IifPORTANCE  in  the  Examination  and  Utilisation  of  LandA 
which  have  not  as  yet  been  fully  developed,  are  in  preparation. 

lONDON :  CHARLES  QRIFFIN  &  CO.,  LIMITED,  EXETER  STREET.  STRAND. 
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PR08PB0TINO  AND  COLONISATIOIT.  SS 

OBnriN'S    "NEW    LAND"    SEBIES, 

8100ND  Edition,  Revised.    With  Illtutrationa.    Price  in  Cloth,  69. ;  tironglf 
hound  in  Leather,  6«.  6d, 

PROSPECTING  FOR  MINERALS. 

A  Praotical  Handbook  for  Prospectors,  Explorers,  Settlers,  and  ali 
interested  in  the  Opening  up  and  Deuelopment  of  New  Lands, 

BT 

S.  HERBERT  OOX,  AssocRS-M.,  M.InstM.M.,  F.G.S.,  Ac. 

Gbnbrax  C0NTBNT8.— Introduction  and  Hints  on  G«olog7— The  Determin*- 
tian  of  Min«ndB :  Use  of  the  Blow-pipe,  kc — £ock-forming  Minerals  and  Noa- 
Metallic  Minerals  of  Commercial  Value :  Rock  Salt,  Borax,  Marbles,  Litho- 
graphic Stone,  Quartz  and  Opal,  &c.,  &c.— Precious  Stones  and  Gems—Stratifiod 
Deposits:  Goal  and  Ores— Mineral  Veins  and  Lodes — Irregular  Deposits— 
DvnamicB  of  Lodes :  Faults,  ^c— Alluvial  Deposits— Noble  Metals :  Gold, 
PUtinum,  Silver,  &c.~Lead — Mercury— Copper — Tin— Zinc— Lron— Nickel, 
Aa— Sulmiur,  Antimony,  Arsenic,  &c.— Comnustible  Blinerals— Petroleum- 
General  Hints  on  Prospecting— Glossary— Index. 

"IhiS  ADltmASLE  LICTLK   WOBK     .     .     .     written  with  SOIBNTIFIO  AOOVBAOr  in  a 

<nu  iB  and  LOOID  style.   .   .   .   An  important  addition  to  technical  literature  .   .   . 
will  be  of  Talne  not  only  to  the  Student,  bat  to  the  experienced  Prospector.    .    .    . 
U  the  succeeding  volumes  of  the  Nbw  Land  Sbbies  are  equal  in  merit  to  the  Fint,  we 
must  congratulate  the  Publishers  on  suocessfolly  filling  up  a  gap  In  existing  literature. 
—Mining  JowmaL 

**Tbis  izoiLUHT  HANDBOOK  will  prove  a  perfect  Vads^iMeum  to  those  engaged  hi 
ihe  practical  work  of  Mining  and  Metallurgy."— 2Ym««  ^  AfHea. 


With  many  Engravings  and  Photographs.    Handsome  Cloth,  4a,  6d. 

I^OOD      SUPPLY. 

By  ROBERT   BRUOE, 

Agrieoltnral  Saperlntendent  to  the  Royal  Dablin  Sodeiy. 
With  Appendix  on  Preserved  Foods  by  C.  A.  Mitohxll,  B.A.,  F.LG. 

QmsEBAL  CoNTKNTB.— Climate  and  Soil— Drainage  and  Rotation  of 
Ciop»— Seeds  and  Crops— Vegetables  and  Fruits— Cattle  and  Cattle- 
Breeding— Sheep  and  Sheep  Rearing—Pigs— Poultry— HoneB— The  Dairy 
— ^The  Farmer's  Implements — The  Settler's  Home. 

"  BamzLBB  WITH  DTfOuiATiov."— J^ermMV*  GautU. 

"  The  work  is  one  which  will  appeal  to  those  intending  to  become  f  armen  at  home 
«r  in  the  Colonies,  and  who  desire  to  obtain  a  general  idea  of  the  true  principles  oi 
fanning  in  all  m  bbahghis."— Journal  i^  the  Royal  CoUmial  IntL 

"A  most  BSADABLE  and  talvablb  book,  and  merits  an  BXTiirsiVB  flALi."-HBMIWt 

rVTMSr. 

"  Wm  prove  of  service  in  ant  part  or  thb  world."-  Nature. 

LONDON:  CHARLES  GRIFFIN  A  CO.,  LIMITED.  EXETER  STREET.  STRAUL 

3 


Digitized  by 


Google 


5$  OHARLSa  GRIFFIN  S  OO.'S  PUBUCATI0N8. 

FOUKTH  Edition,  Revised,  and  brought  thoroughly  up-to-date  by  L.  H. 

Coosx,  Inttruoior  in  Mine  Surveying,  Royal  College  of  Scieaoe. 

With  Frontispiece  and  716  lUnstratiois.     Priee  34s. 

ORE  ^  STONE  MINING. 

BY 

C.  LE  NEVE  FOSTER,  D.Sc,  F.R.S., 

m,  OF  MINING.  ROYAL  COIXSCB  «»F  SCIBNCB  ;  EXAMINER  IN  MINING  T>t 
THB  BOARD  OP  BDUCAT10N. 


GENERAL  CONTENT& 
QITRODUCnON.  Mode  of  Oeeurponee  of  Minerals.— Prospeettas.  — Borteff* 
— Broaklnsr  Ground.— Supportlnsr  Excavations.— ExploIUtton.—iIau]afre  or 
Transport.- HolstinfiT  or  Winding.  —  Drainage* — Ventilation.  —  LUrhtlnff.— 
Doseent  and  Aseeot.— Dressinsr— Nnetples  of  Employment  of  Mlalnv  Labov* 
^^UgyattoBjdToctlng  Mines  and  Quarries. -CoBdltton  of  tiM  Wtomt^ 

^Dt.  Pbater^f  book  wu  oxpocted  to  be  BrocM-MAKmo*  and  it  lolly  justifiM  Mdk  —pM 
iMlHa.  ...  A  MOST  AOMiRABLB  RcoottBt  of  tho  modo  ci  oooontvtcm  6i  pncticdiy  aia 
BMSfifM  MfWAKt.   Piobftbly  itattdt  umuvAUBD  for conplotoMM.*—  TiU  JUmit^  JmtmmL 

BPOCM-MAKIITG  WOtk     .     .      .     Rppcols  to   MBM   QT  BXPianUfCS  BO  koS   IIhA  tO 

**— ^tf»3r-  M<^  JiiUimmMmmuekf  Ztittmf, 
1¥iB  sruacDio  work.*— 0«<ryr.  ZfckrfU  /kr  Btrf  wU  H9tUmmmm. 


ELEMENTARY    MINING    AND    QUARRYING 

(An  Introductory  Text-book).      By  Prof.  0.  Lb    N»t» 
FosTBE,  P.RS.  [/«  Aetiva  Pfvparaiipn. 

A    TREATISE    ON    MINE-SURVEYING: 

For  tko  U99  of  Managoro  of  Minoo  and  Coiliotioo^  Stitdonto 
mt  tko  Royal  Sohooi  of  MinoK  4«. 

Bt  BENNETT   H.   BROUGH,   F.G.S.,  ASSOC.R.S.M., 

Foiineriy  Iwtiuelor  of  Mko^imviiv;  R<^7b1  School  ^  MlBOh 

NiNTB  Edition,  RcTiacd  and  Enlarged.     V^ith  Numerous  Dingnms^ 
Qoth^Ts.  6dL 

GXNUUUL  CoNiwm. 
OMsrml  Explanations— Measurement  of  Distanoes-^Miner's  Dial— Variatioa  oi 
*e  liagsetic-Needle-  Suifeylng  witk  the  Manado-Needle  in  ptescace  of  Iioa— 
Snnpeyiaff  with  the  Fixed  Needle  Owman  Diia-^Theodolitfr-'ha^ersinf  Uadisw 
mwfomi  ^isfaiiihSan>tys  with  TheodoUto— Plottins  the  Surrey— Galcntatioa  of 
Arsai  LefeUJM^— Connection  of  Uadermond-  and  SurJM^SMiniji  Misimim 
DiMaaees  by  Telesoope--Setting-out— Mine-Sunreying  Problems— Uine  Plans 
Applications  of  MagneGc-Needle  in  Mininf— Pbotographie  Sunreyjag    4p»mdinK 

**H«  vaovia  itiolf  a  valoaslb  Toxt-book ;  the  but,  if  not  iho  only  one,  in  the  BncHih 

luofo  OM  tbe  MbjecL''-*AfMM-  Vsmnal 

*No  Eaclish^pookiaff  MiM  Acwt  or  Mi^BT  Stedom  win  «M 

■has  without  it."— Afiotenr. 

'A  inJnBblc  ■ccwimi   to  Somyon  ia  ovotr  departaient  of  < 
f^dly  doMiTM  to  hold  its  potition  as  a  stanoaxo.  -  C^ldny  Gwmrdum. 
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WOMKB  Oir  MINING.  57 

Fourth   Edition,    Revised  and  Greatly  Enlarged,      WUh  Numerous 

AddUional  lUustroHoniy  mostly  reduced  frtm   Workkig 

Drawings,      Price  24s,  fiet, 

A  TEXT-BOOK  OF  COAL-MINING: 

FOR  THE  USE  OF  COLLIERY  MANAGERS  AND  OTHERS 
ENGAGED  IN  COAL-MINING. 

BT 

HERBERT    WILLIAM    HUGHES,   F.G.S., 

Amoc.  Royal  School  of  Mines,  General  Manager  of  Sandwell  Park  Colliery. 


GENERAL    CONTENTS. 
Geology.— Search   for   Coal. — Breaking   Ground. — Sinking. — Pieltmioarf 
Operations.  —  Methods  of  Working.  —  l&ulage.  —  Winding.  —  Pumpine.— - 
Ventilation. — Lighting. — ^Works  at  Surface. — Preparation  of  Coal  for  MmeL 
—Index.  

"Quite  THBBBST  BOOK  of  iu  kind   ...   as  rKAcriCAx.  inaimasa  bodccaftbe  .   .    . 
Tlie  illustmuoni  are  mxcmLLmKT.*'—At/trfuntm. 

**  We  cordially  recommend  the  wotk.' -^eiiury  GmartUan, 

**  Will  soon  come  to  be  regarded  as  the  standard  work  of  its  kind."— ArwMtf  Aaw 


In  Large  Svo,  with  Illustrations  and  Folding-Plates,     lox.  M 

AND    THE    USE    OF    EXPLOSIVES. 

A  Handbook  for  Engineers  and  others  Engaged  in  Minings 
Tunnelling,  Quarrying,  &g. 

By  OSCAR  GUTTMANN,  Assoc  M.  Inst.  CE. 

Mtmhtr  0f  ikt  Sscuhst  »/ Civil  Engvuert  and  ArchiUcU  tfVitima  und  Budm^eei, 
Corrttp0ndiHg  M*mh€r  e/tlu  Imj^.  R»y.  G€»Ugkml InaHiuHan.  ^Austria,  6h, 

General  Contents.— Historical  Sketch— Blasting  Materials— Blatting  Pow- 
der— Various  Powder-mixtures — Gun-cotton — Nitro-glycerine  and  Dynamite- 
Other  Nitro-compounds — Sprengel's  Liquid  (acid)  Explosives —Other  Meant  of 
Blasting — Qualities,  Dangers,  wad  Handling  of  £zplo6ive»--Choice  of  Blastl&g 
Materiids — ^Apparatus  for  Measuring  Force — Blasting  in  Fiery  Mhies — Mesu  of 
Igniting  Charges — Preparation  of  Blasts— Bore-holes — Machine-drilling — Chamber 
Mines— Charging  of  Bore-holes — Determination  of  the  Charge — Blastmg  in  Bore- 
holes—Firing— Straw  and  Fuse  Firing— Electrical  Fuing— Substitutes  for  Electrical 
Fuing — Results  of  Working — ^Various  Blasting  Operations — QuanTing— Blasting 
Masonry,  Iron  and  Wooden  Structures— Blasting  in  earth«  under  water,  of  ice,  &c. 

"  This  APifiRABiJB  work.**— {7o2M<ry  Onarditm. 

**  Should  prove  a  vtuU-mtcum  to  Miniag  Enghieon  and  all  engaged  in  ptacticiJ  work. 
^Irett  tmd  Coal  Trades  Review, 
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Digitized  by  CjOOQIC 


ii         OH  A  MLMB  0Mimy  s  ao:a  fvmlioa  tiohb. 

In  Largt  Svo,    S]scx>nd  Edition.    Price  10«.  6d. 

Mine  Accounts  and  Mining  Book-i^eeping. 

For  Students,  Managers,  Secretaries,  and  others. 
With  Examples  taken  from  Actual  Practice  of  Leading  Companies, 

BY 

JAMES  QITNSON  LAWN,  A8800.R.S.M.,  AwocMem.InBtC.E.,  F.G.S., 

Profauor  of  lilning  at  the  Soath  African  School  of  Minea.  Oapetown, 

Kimberley,  and  JohanneBtmrg. 

Edited  by  C.  LE  NEVE  FOSTER,  D.Sc,  F.R.S., 

ProfeiBor  of  Mlniog,  Boyal  School  of  Mloen.  and  Examiner  in  Mining  to  the 

Board  of  Education. 

OsnxRAL  Contents.— Introduction.— Part  I.  Engagement  and  Pay- 
ment of  Workmen.— Part  II.  Purcbaaea  and  Sales.— Part  HI.  Working 
Summaries  and  Analyses.  -  Part  IV.  Ledger,  Balance  Sheet,  and  Company 
Books.— Part  V.  Reports  and  SUtistics. 

**It  Memi  ncpouTBLx  to  raxRest  how  Mr.  Lawn's  book  oonld  be  made  nun  ooMrxna  m 
■UMTS  TALUABU,  careftil,  and  ezhanstiTe."~ileeoiiii<an<«'  Magoiint. 


Second  Edition.     Large  Crown  8vo.    Handsome  Clotb.    With  over 
620  Illustrations  in  the  Text.     128.  6d. 

PRACTICAL  COAL-MINING: 

A    MANUAL     FOR     MANAGERS.     UNDER-MANAaEBS* 
COLLIXRY    ENGINBERB,    AND    OTHERS. 

WUh  Worked'out  Problems  on  Haulage,  Pumping,  Ventilation,  4ec. 
By  GEORGE  L.    KERR,   M.E.,    M.Inst.M.E., 

Colliery  Manager. 

"  An  B8SBRTIALX.T  PBAOTiCAL  woaK,  and  can  b«  ronfldcntlj  recommended.  No  department 
of  Goal-Mfning  Hm  been  overlooked."— /?fiflr<fi«er«'  Oaaette. 

"Thii  book  jvn  mbbts  the  wante  of  Students  preparing  for  the  CoUlerj  Manigen'  Bniaia- 
atlou.  I  bare  dedded  to  nte  It  for  onr  elanee  here.  .  .  .  We  have,  I  belleTe,  (he  largest 
mining  dau  in  Great  Britain.*— 7^  Prineipal  ufa  Training  CoUege. 


Ready  Immediately.    In  Crown  8vo.    Handsome  Cloth. 
Fully  Illustrated. 

ELEMENTARY   COAL-MINING; 

For  the  Use  of  Students,  Miners,  and  others  preparing 
for  Examinations. 

By  GEORGE  L.  KERR,  M.E.,  M.In8t.M.E., 

Author  of  "  Practical  Coal-Mining.** 

Specially  designed  to  meet  the  Hequiremente  of  Students  attending 
Classes  on  Coal- Mining. 
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MINING  AND  METALLURGY.  59 

Wiik  lUwirationM  and  Platet,    ffantUome  Cloth. 

THE  CYANIDE  PROCESS  OF  GOLD  EXTRACTION. 

A  Text-Book  for  the  Uae  of  MetaUurgiete  and  Students  at 
Schools  of  Minea,  do. 

By    JAMES    PARK,   F.G.S.,  M.Inst.M.M., 

Profesaor  of  MiniDg  and  Director  of  the  Otago  Univenity  School  of  Mines ;  lata  Director 

Thames  School  of  Mines,  and  Geological  Surveyor  and  Mining  Geologist 

to  the  Government  of  New  Zealand. 

E2YGLI8H  Edition.  Thoroughly  Revised  and  Greatly  Eolargad  from  the 
Third  (1897)  (New  Zealand)  Edition.  With  additional  details  oon- 
ceming  the  Siemens-Halake  and  other  recent  proceasea. 

CoNTKNTS.— The  MacArthur  Process. — Chemistry  of  the  Process. — 
Laboratory  Experiments. — Control  Testing  and  Analysis  of  Solutions. — 
Appliances  for  Cyanide  Extraction. — The  Actnal  Extraction  by  Cyanide. — 
Application  of  the  Process. — Leaching  by  Agitation. — Zinc  Precipitation 
of  Gold.— The  Siemens- Halske  Process. — Other  Cyanide  Processes. —Anti- 
dotes for  Cyanide  Poisoning. — Cyaniding  in  New  Zealand. 

"  Mr.  Park's  book  deserves  to  be  ra  nked  as  amongstthe  best  of  kxibtino  TBlATins 
ON  THIS  SUBJECT.*  —J/intng  Joumol. 


Seookd  Editiov.     With  lUtutratiom.    Cloth,  3«.  M. 

GETTING    GOLD: 

A  GOLD-MINING  HANDBOOK  FOR  PRACTICAL  MEN. 

Bt  J.   0.   P.   JOHNSON,  P.G.S.,   A.I.M.E., 

Life  Member  ▲ostralaaian  Mine-Manai^rs'  Association. 

General  Contents. ^Introductory :  Getting  Grold— Gold  Prospecting 
(AUnvial  and  General)— Lode  or  Reef  Prospecting— The  Gencsiology  of  Gold— 
Aariferous  Lodes — ^Amiferous  Drifts— Gold  Extraction — Secondary  Processes 
and  Lixiviation— Calcination  or  "Boasting*' of  Ores — Motor  Power  audits 
Transmission*- Company  Formation  and  Operations — Kules  of  Thumb :  Mining 
Appliances  and  Methods— Selected  Data  for  Mining  Men— Australasian  Mining 
Regulations. 

Pbaotioal  from  beginning  to  end    .    .    .    deals  thoroughly  with  the  Frospeoting^ 

"-* — :,  Crushing,  and  Extraction  of  gold." — Brit.  Atutralanan. 


Pocket  Size,  Strongly  bound  in  Leather,    3s.  6(f . 

THE  MINING  ENGINEERS'  REPORT  BOOK 

AND  DIRECTORS'  AND  SHAREHOLDERS'  GUIDE  TO  MINING  REPORTS. 
By   EDWIN    R.   FIELD,   M.Inst.M.M. 

Wttfi  Note»  on  the    Valuation  of  Mining   Property  and   Tabulating   Report;   Ue^fut 
tables,  Ac,  and  provided  with  detachable  blank  pages  for  M8.  Notes. 

An  ADMIRABLT  compiled  book  which  Mining  Engineers  and  Manageis  will  find 
ussruL."— Ifmifig  Journal, 
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«»  CBARLMS  GRIFFIN  ^  CO.'S  PUBLICATIONS. 

In  Two  VoltuneBy  Iiarge  8vo. 

WifO^  Numerout  Maps,  Plaies,  and  IUu$trcUians  m  the  Text,    Prict  45t. 

AND    ITS    PRODUCTS: 

BY 

Dr.     BOVEBTON     REDWOOD, 

F.ft.S.E.,  r.LO..  A«80cB0.S., 

■n.  Ooffr.  Mem.  of  the  Inip«riAl  Eoatlui  Technical  Sodetj:  V«m.  of  tbe  Amerleu  ClMinlaBl 

Bodetr :  AdTia«r  to  tb«  Corporation  of  London  ondar  Ihe  Fettoleoja 

Acta,  Jtc.,  A(c 

AflUSTiD  BT  GEO.  T.  HOLLOW  AY,  F.LC,  Aflsoa  R.G.8., 
And  KnmeroiiB  Conferibatora. 

GmnmAL  OoimKn  — L  Gen«>ral  H  itorioal  Acconnt  of  the  Petroleum  Indnstry.— IL 
OeoloRioai  ana  Qeognphical  Diitribntion  of  Pe'rolenxn  ani  Natural  Qaa  —III.  Ohemleal 
aad  Pliyaioal  Propertlee  of  Petrolenm.— IV.  Orlcln  of  PetroI<Mim  and  Natural  Qaa^V. 
Prodnotion  of  Petroleam,  Natnral  Q&n,  and  Ozokerite.— VI.  The  Refining  of  Pe  roleam. 
— VIL  The  Sha  e  Oil  and  Allied  Induatriea.— YIII  Tranaport,  Storag<».  and  Dlatribntion 
of  PeiTolenm.— IX.  Teatlng  of  Petroleam  —X.  Application  and  Uses  of  Petroleum  —XI. 
Legislation  on  Petroleum  at  Home  and  Abroad.~XII.  Statihtica  of  ihe  Petroleum  Pro- 
dnotion and  tbe  Petroleam  Trade,  obtained  from  the  modt  trnetwortby  and  olBci  1  aouroes. 

"The  MOST  0OXPSBHB1I8IVS  AKD  comrKKiKNT  AccociTr  that  haa  yet  appeared  of  a  gigantic 
Induatry  whieh  has  made  incalculable  aadiilona  to  the  comfort  of  clTiliMd  ma&.  — 7A« 

"  A  ■PLKSDm  oommnDTiow  to  our  technical  Uterature."— <7Aemlea2  Kern. 


With  Plates  (One  Coloured)  and  Illnfitraiions,     Price  8«.  6rf.  net, 

A     HANDBOOK     ON     PETROLEUM. 

FOR  INSPECTORS  UNDER  THE  PETROLEUM  ACTS, 

AJQd  for  iliose  engaged  in  the  Storage,  Transport,  Distribution,  and 

Indtistrial  Use  of  Petroleum  and  its  Produots,  and  of  Calolum 

Carbide.     With  Buggestlons  on  the  Construction  and 

Use  of  Mineral  OU  Lamps. 

By   captain    J.    H.    THOMSON, 

H.M.  Chief  Inapeetor  of  Bxploaivea, 

AHD 

db.  boverton  redwood, 

Advlaer  on  Pcteolaum  to  tbo  Home  Office  and  to  the  Corporation  of  LoudoB  under  the 
Petroleum  Acta. 

CovTBRTB.— I.  iBtroductory.— II.  Sources  of  Sopply.— III.  Productinn.— IV.  CbemiealPro- 
-ducta,  Shale  Oil,  and  Coal  Tar.— V.  Flash  Point  and  Fire  Teat. -VI.  Teatin(re.-VII.  Sxiating 
LegialaUon  relating  to  Petroleon.- Vill.  —  IX.— Precautiona  Necesaarjr.- X.  Petroleum  OQ 
Lampa.— XL  Cartme  of  Calcium  and  Acetylene.— Appendiee8.—lR0BX. 

"ATolume  that  will  enrich  the  world'e  petroleam  literature,  and  rerder  a  eerrioe  to  tli« 
Britlah  branch  of  tbe  lndu»try.  .  .  .  Beluble,  indiapenaable,  a  brilliant  coutribntlon.  *e. 
There  la  room  for  auch  a  work,  and  we  hope  that  it  will  secure  a  wide  circulation,  and  that  the 
alma  at  the  anthon  will  be  realiaed  with  financial  advantage  to  the  trade,  and  benefit  to  the 
oUbuming public'-Pefroleiim,  July  27th,  1901. 
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UETALLUROIOAL  WORKS. 
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TRimD  Edition.    With  Folding  PUtei  and  Mft^y  DlnfttMtiMM. 
Large  8yo.    Handsome  Cloth.    368. 

ELEMENTS    OF 

Metallurgy: 

A  PRACTICAL  TREATISE  ON  THE  ART  OF  EXTRACTING  METALS 
FROM  THEIR  ORES. 

BY 

J.  ABTHI7R  PHILLII^S,  M.INBT.O.K,  F.O.S.,  F.O.B.,  Jm. 

AND 

H.  BAUERMAK,  Y.P.O.S. 


aENXRAI.    OOKl 

Belraotory  Mateifiala.           Antimony. 
Vire-dayi.                             Arsenic. 
Fuels,  kc.                              Zinc. 

^^' 

Mcrcuiy. 
Bismuth. 
Lead. 

Iron. 

Cobalt 

Nickel 

Silrer. 

Gold. 

PlatinuDL 

*«*  ICany  votablb  addihonb,  dealing  with  new  Frocesees  and  PeiTe]4»|iineiiH 

will  be  found  in  the  Third  Edition. 

"  Of  the  Third  Ebitioit,  we  are  still  able  to  eay  that,  aa  a  TazC^book  ol 
Metallurgy,  it  is  thb  best  with  which  we  are  acquainted."— J^m«cr. 

"  The  Talne  of  this  work  is  ahnost  inestimable.  There  can  be  no  queetioA 
that  the  amount  of  time  and  labour  bestowed  on  it  ii  enormous.    .    •    •    Than 

oertainly  no  Metallurgical  Treatise  in  the  language  calculated  to  prove  eC 
•aoh  general  utility."— if int?)^  JourruU, 

"  In  this  most  useful  and  handsome  volume  is  condensed  a  laige  amount  of 
valuable  practical  knowled^re.  A  careful  study  of  the  first  division  of  the  bool^ 
pn  Fuels,  will  be  found  to  be  of  great  value  to  every  one  in  training  for  tha 
practical  applications  of  our  scientific  knowledge  to  any  of  our  metaQurgioal 
operations.  **— ^  thencBum, 

**  A  work  which  ii  equally  valuable  to  the  Student  as  a  Text-book,  and  to  tba 
practical  Smelter  as  a  Standard  Work  of  Reference.  .  .  .  The  Elustralioaa 
are  admirable  examples  of  Wood  Engraving. '^—CAemico/  Neyn, 
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OMAMLM  OMtmW  *  O0.'a  FUBUOATlOn, 


(Snj^n  s  SPlttHlkrgicHl  Smes. 


STANDARD  WORKS  OF  REFERENCE 

FOK 

MetaUuFgists,  Hine-Owners,  Assayers,  Hannfaetoren, 

and  all  interested  in  the  deyelopment  of 

the  Hetallnrgieal  Industries. 

RDITKD  BT 

Sir  W.  ROBERTS-AUSTEN,  K.C.B.,  D.C.L.,  F.KS.,. 

AND  AS8ATSR  TO  THB  KOTAL  MINT ;  PXOPBSSOR  OF  MSTALLUROT  lit 
THE  ROYAL  COLLSGR  OP  SCIBNCK. 

/«  Lafx^  Sw,  HandMtm  CiotJL      With  JlliairuHons, 


nrTBODUCTION   to   the    STUDY  of  METAIiLTJBGT. 

By  the  Editor.     Fifth  Edition.    (Seep.  63.) 

QOIiD  (The  MetaUurgy  of).  By  Thos.  Kirks  Rosi» 
D.Sc,  Assoc  R.S.M.,  F.I.C.,  of  the  Royal  Mint.  Fourth  Edition* 
2 IS,    (Seep.  63.) 

IiEAD   AND   8II1VEB   (The   Metallurgy   of).     By  H.  F. 

Collins,   Assoc R.S.M.,    M.InstM.M.     Part  I.,   Lead,  i6s;   Part 
Ilr,  Silver,  i6s.    (See  p.  64.) 

IRON  (The  Metallurgy  of).  By  Thos.  Turner, 
Assoc  R.S.M.,  F.I.C.,  F.CS.     168.    (See  p.  65.) 

STEEL  (The  Metallurgy  of).  By  F.  W.  Harbord, 
Assoc  R.S.M.,  F.I.C.,  Chemist  10  the  Indian  Government.  (See 
p.  65.)  {^Ready  shortly* 


WiU  b€  Flushed  at  Short  Inttrvah, 

MBTAliLTJBQICAIi  MACHINEBY :  the  AppUcation  of 
Engineering  to  Metallurgical  Prohlems.  By  Henry  Charles  J  bnkins. 
Wh.Sc,  AssocR.S.M..  Assoc M. Inst. C.E.,  of  the  Royal  College  of 
Science. 

▲IiLOYS.     By  the  Editor. 

*«*  Other  Volumes  in  Preparation. 
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METALLUBQIOAL  WOMKB. 


GBIFFn^'S    METAIiLUBGICAIi    SEKISS. 


FiVTH  Edition,  thoroughly  Revised  and  considerably  Enlarged.     Large 

8vo,  with  numerous  Illustrations  and  Micro- Photographic 

Plates  of  different  varieties  of  Steel. 

An  Introduction  to  the  Study  of 

BY 

Sir  W.  ROBERTS-AUSTEN,  K.C.B.,  D.C.L.,  F.R.S,. 

AMoriatc  of  the  Royal  School  of  Mines :  Chemist  and  Assayer  of  the  Royal 
Mint;  Professor  ot  Metallurgy  in  the  Royal  College  of  Science. 

Gbnbxal  Contents.— The  Relation  of  Metallurgy  to  Chemistry. — Physical  Properties 
•f  If ctals.— Allow.— The  Thermal  Treatment  of  MetaU.— Fuel  and  Thermal  Measurements, 
— Materials  and  Products  of  Metallurgical  Proce!;ses. — Furnaces. — Means  of  Supplying  Air 
to  Fomaces. — ^Thermo- Chemistry. — Tjrpical  Metaliurgical  Processes. — The  Micro-Structure 
of  Metals  and  Alloys. — Economic  Considerations. 

*'  No  English  text-book  at  all  approaches  this  in  the  completeness  witb 
which  the  most  modem  views  on  the  subject  are  dealt  with.  Professor  Austen'9 
volnuM  will  be  invaluable,  not  only  to  the  student,  but  also  to  those  whose 
knowtodge  of  the  art  is  far  advanced." — Chemical  News. 


FOVBTH  Edition,  Uevised,  Considerably  Enlarged,  and  in  part  Re-written.. 

Including  the  most  recent  Improyements  in  the  Cyanide  Process. 

With  Frontispiece  and  numerous  Illustrations.    21b. 

THE  METALLURGY  OF  GOLD. 


T.  KIRKE  ROSE,  D.ScLond.,  Assoc.R.S.M., 

Aa$iataM  Anayer  of  the  Royal  MinL 

GINEBJX  CONTENTS.— Tlie  Properties  of  Gold  and  its  Alloys.— Chemistry  of  Gold. — 
Mode  of  Occurrence  and  Distribution.— Placer  Mining.— Shallow  Deposits.— Deep  Placer 
MSnliiff.  — Quartz  Crushing  in  the  Stamp  Battery.  —  Amalgamation.  —  Other  Forms  of 
Cmshug  and  Amalgamating.— Concentration.-Stamp  Battery  Practice.— Chlorination: 
The  Prt^aration  of  Ore.— The  Vat  Process.— The  Barrel  Process.— Chlorination  Practice' 
fai  Particular  Mills.- The  Cyaifide  Process.- Chemistry  of  the  Process.— Pyritic  Smelting. 
—The  Seflning  and  Parting  of  Gold  Bullion— The  Assay  of  Gold  Ores.— The  Assay  ot 
Bullion- EoonomicCoDsiderations.- Bibliography. 

'*  AooMPasHKirsiya  pbagticaltrbahsb  on  ihls  important  subject **—2!/k<  Tinui. 

**The  xoer  ooxplbti  dasoripUon  of  tae  ohlomikatioh  procksb  which  has  yet  been  p«1^ 
Hiked.**— i^teia^  Joumai. 

•*  Adapted  for  all  who  are  Interested  in  the  Gold  Mining  Indostry,  being  free  from  teob- 
■leahttos  as  far  as  possible,  but  is  more  psrticalarly  of  value  to  those  engaged  la  th* 
faidaelKy.*  --Clap<  TimM. 
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4        OHABLMa  ifBiFmr  s  ao.'B  PtrBLiOATioira. 

aXaVlN'B  MlSTALLXmaiCAL  SS&IBS. 

Edited  by  SIR  W.  ROBERTS-AUSTEN,  K.C.B.,  F.R.S.,  D.C.L. 
In  Large  8vo,     Handsome  Chtfi.     With  lUustraiions, 


In  Two  Yolnmes,  Each  Complete  in  Itself  and  Sold  Separately. 

THE  METALLURGY  OF  LEAD  AND  SILVER. 

Br  H.  F.  COLLINS,  AssoaR.S.M.,  M.Ii«pr.M.M. 

A  Complete  and  ExhaiutiTe  Treatise  on  the  Mannfactnre  of  Lead, 
with  Sections  on  Smelting  and  Desilverisation,  and  Chapters  on  the 
Assay  and  Analysis  of  the  Materials  involved.     Price  i6s. 

SUMXAKT  07  COKTENTS.— Sampling  and  Assaying  Lead  and  SDver.— Propertle  and 
<;ompoands  of  Lead.— Lead  Ores.— Lead  Smelting.— Beverberatories.— Lead  Smelting  In 
Hearths.— The  Boasting  of  Lead  Ores.— Blast  Furnace  Smelting;  Principles,  Practioe. 
and  Examples ;  Prodncts.— Fine  Dust,  its  Composition,  Collection  and  TrMtment— 
Costs  and  Losses,  Purchase  of  Ores.— Treatment  o  Zinc,  Lead  Sulphides,  Desilyerisatlon, 
■ftoltanlng  ani  Bsflning.— The  Pattinson  Process.— The  Parkes  Process.— CupeUaUoa  and 
Refining,  <fcc.,  &c. 

"A  THOROUOHLT  SOUND  and  uscful  digest.  May  with  KVIBT  OOVFlpnai  be 
«eoommended."— if  inin^^  Journal. 


Pctpt    II.— siiLiirssR. 

Comprising  Details  regarding  the  Sources  and  Treatment  of  Silver 
Ores,  together  with  Descriptions  of  Plant,  Machinery,  and  Prooessea  of 
Mannfactare,  Refining  of  Bullion,  Cost  of  Working,  &c.    Price  168. 

Sum AKT  OP  Contents.— Properties  of  Silver  and  its  Principal  Compoands.~-flOTer 
Ores.— The  Patio  Process.— The  Kazo,  JTondon,  Krdhulce,  and  Tiua  Processes.— Tha  Pan 
Praoess.— Boast  Amalgamation.— Treatment  of  Tailings  and  Concentration.— Betortlng, 
Melting,  and  Assaying.— Chlorodlsing-Boasting.— The  Augustin,  Clandet,  and  Ztervogel 
Processes.- The  Hypo-Sulphide  Leaching  Process.— Beflning.— Matte  Smelting.— Pyritle 
4knelting.— Matte  Smelting  in  Beverberatoriea.— Silver-Copper  Smelting  and  Baflatag  — 

INBBX. 

« The  author  has  focussed  A  large  amount  of  valuablk  invorxation  into 
convenient  form.    .    .    .    The  author  has  evidently  considerable  praotical  ezpaiienoe, 
«nd  describes  the  various  processes  clearly  and  well."— J^inin^  Journal. 
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MBTALLUit^WAL  WORKS.  $$ 

GBITFIIT'B  METAIiIiTTBaiOAL  8BEIX8. 


Second  Edition,  Revised.    Price  ICs. 

THE  HETALLDRGY  OF  IRON. 

By  THOMAS  TUENER,  Assoc.RS.M.,  FJ-C, 

Direcior  of  Technical  Instruction  to  the  Staffordshire  County  CounciL 
Im  Labos  Sto,  Hanosomb   CtoTH,  With   Nitmerocts   iLLtrsTBAnoira 

(MANY  J-BOM  PHOTOaRAPHS). 


0€H$ral  Cofi/«a«.->£arIy  History  of  Iron.— Modem  HiBtory  of  Iron.— The  Age  of  flied. 
— Chief  Iron  Oree.— Prepar&tion  of  Iron  Ores.— The  Blest  Furnace.— The  Air  need  in  tte 
Blest  Fnrntioe.— Beaotions  of  the  Blast  Fnmaoe.— The  Fael  need  In  the  Blast  Fnmaoe.— 
Slags  and  Faxes  of  Iroa  Smelting.— Properties  of  Oaat  Iron.— Foandry  Practice.— Wrooght 
Iron.— Indirect  Prodnotion  of  Wrought  Iron.— The  Puddling  Process.— Further  Treatment 
of  Wrought  Iron.  -Corrosion  of  Iron  and  Steel. 

'*  A  MOST  TALUABLK  svMMART  of  knowledge  relating  to  every  method  and  ftage 
in  the  mannfaeture  of  cast  and  wrought  iron  .  .  .  rich  in  chemifial  details.  .  .  . 
ExHAUtTiTK  and  thorouohlt  uf-to-datb."— .BwMettn  of  the  American  Iron 
imd  Steel  Association. 

"  This  is  A  DKLIOHTTUL  BOOK,  giving,  as  it  does,  reliable  information  on  a  sabjjool 
bosoming  every  day  more  elaborate.''— CoJ^ter^  Ouardian, 

"A  THOROUOHLT   USEFUL  BOOK,    wbich    DTUlgS  the  SUbloct    UF  TO    OATS.      OF 

•ARBAT  TALUK  to  thoso  engaged  in  the  iron  indnstry." — Mining  Journal, 


IN   AGTIVE  RRCRARATION. 

New  Volume  of  the  "Metallurgical  Series." 

THE  HETALLDRGY  OF  STEEL 

By  F.   W.  HARBORD,  Assoc.R.S.M.,  F.I.C., 

'Consulting  Metallurgist  and  Analytical  Chemist  to  the  Indian  Oovemment, 

Royal  Indian  Engineering  College,  Coopers  HiU. 

With  neakly  350  Illustrations  Comprising  Numbrous  Diagrams 

OF  Plant  and  Maohinbbt,  reduobd  from  Working  Drawinob, 

AND  A  Section  on  Mill  pRAcrricE 

By    J.    W.    HALL,    A.M.Inst.C.E. 


metalldrgical''maSnery: 

The  Applloatlon  of  Engineering  to  Metallurgioal  Proiiiems. 

Br  HENRY  CHARLES  JENKINS, 

Wh.Se.,  As9ocR,SM,y  Assoc, M. Inst. C,E, 


*,*  For  Details  of  Works  on  Mining,  see  pages  55-59. 
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M  OBARLMB  OBIFFIK  A  OO.'B  PUBLWATIOSB. 

A    TEXT-BOOK    OF    ASSAYING: 

Fpr  th4  ifM  of  StudMtB^  Mine  ManajerM^  A8Maym%  do. 
By  J.  J.  BERINGER,  F.I.C..  F.C.S., 

PiiUfc  Aaalytt  for,  and  Lecturer  to  the  Miaiaf  AMOciatioa  of,  CotnwmIL 

And  C.  BERINGER,  F.C.S., 

Late  Chief  AMft^rer  to  the  Rio  Imto  Copper  Company,  Loadoa, 

Wkh  BvaeroiM  Tables  and  lUustratioot.      Crown  8vo.     Ooth.  lo/(k 

Seventh  Edition,  Revised  and  Enlaiigcd. 

Gbnbbal  Contkmts.  —  Pact  T  —  Introductoky  :  Manipulation  :  Sam^ioc  • 
Drync ;  Celciilerioa  of  Reaulte— Laboratory-books  and  Re^rts  Methods  :  Dry  Ocavi- 
aaetnc;  Wet  GraTimetric— Volometric  Assays:  Titrometnc,  Col«rimetric,  GaaoBMHi^* 
Wcicyaf  and  Measuiinf— Reafeats— Fommlse,  Equations,  ftc— Specific  Gravity. 


Past  II.— Mbtals  :  Detection  and  Assay  of  Silver,  Gold,  Platinum,  Mercury,  Copper, 

id.  Thallium,  Bismuth,  Antimony,  Iron,  Nickel.  Cobaf'   "'—   '*—•-= —    '^—  ^- 

Titanium,  Manganese,  Chromium.  Ac— Earths,  Alkalies. 
-Non- Mbtals:   Oxygen  and  Oxides; 
,  Phosphorus,  Nitrogen — Silicon,  Carbon,  Boron* 


Lead,  ThaUium,  Bismuth^  Antimony,  Iron,  Nickel.  Cobalt,  ZUc,  (.•admium,  Tia,  Tungsten, 
I  ftc — a 
Part  III.— Non-Mbtals :   Oxygen  and  Oxides:    The  Halogrns    Sulphnr  and  Sul- 
•     ~       •  —  —         "    •        ~       i-U»eful  TabST 


"A  BBAiXY  MBXiTORious  WORK,  that  may  be  safely  depended  upon  either  for  systematic 
instruction  or  for  reference." — N^turt. 

"This  work  is  one  of  the  best  of  iu  kind.  .  .  .  Contains  all  the  iafomatioD  that 
the  Aasaycr  will  find  necessary  w  the  ezaminatiea  ef  mlQcrals.*— JFivmmt. 


Sboond  Edition,  Revised.    Handsome  Chlh,     With  Numerau$ 
lUtutraiiom.    Qs. 

A     TEXT-BOOK      OF 

ELEMENTARY   METALLURGY. 

iDcluding  the  Author's  Practioal  Labobatort  Cocrsb. 
By    a.    HUMBOLDT    SEXTON,    F.I.C.,  F.C.S., 

tor  of  Metallargy  in  the  Glasgow  and  Wast  of  Scotland  Technical  Coll^gvi 


OfiNEKAL  CONTlilNTS.— Introdaetion— Propertiee  of  the  Metals— C<mibiietioB 
— Faels— Refractory  Materials— Fomaces— Occurrence  of  the  Metals  in  Natore — Pre- 
Mration  of  the  Ore  for  the  Smelter— Metallurgical  Processes— Iron :  Preparation  of 
fii;  Iran— Malleable  Iron— Steel— Mild  Steel— Copper— Lead— Zinc  and  tin— SilT«r 
— Gold — Mercury— Allors— Applications  of  Elbctricitt  to  Metallurgy— Laboba* 

^OBT  COURSB  WITH  NUMEROUS  PRACTICAL  EXERCISBS. 

*'Jast   the   kind  of  work   for   Students   commrhcino    the   study   of  Metsl- 
Ibict,  or  for  Emoinrerino  Students  requiring  a  oembral  krowlbdob  of  it,  or 
iv  Eroihbbrs  in  practice  who  like  a  handt  work  of  rrpbrbrcx.    To  all  three 
MS  WO  URARTiLT  commeud  the  work." — Practical  Engineer, 
'  ExoBLLBRTLT  got-up  and  WEix-ARRARQKD.    .    .    .    Iron  and  copper  weH 


eKplainod  hy  bxobllbnt  diagrams  showing  the  stages  of  the  process  from  start  to 
ftush.    .    .    .    The  moet  noybl  chapter  is  that  on  the  manj  changi 
Ib  MoCalhirgical  Methods  by  Elxctrioitt. "—CAtfmioa^  Trade  JowmaL 


**  FoiiSMBS  the  orbat  adyartaob  of  giving  a  Courib  or  Practical  Wobx.' 
— Jf Mia  Jaumal. 
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METAL  WORKING;  ANALYSIS  67 


Large  8to.    Handsome  Cloth,  8a.  6d. 

The  Art  of  the  Goldsmith  and  Jeveller 

A  Manual  on  the  Manipulation  of  Gold  in  the  Various 
Processes  of  Goldsmith's  Work,  and  the  Manu- 
facture of  Personal  Ornaments.    For 
Students  and  Practical  Men, 

By    THOS.    B.    WIGLEY, 

Headmuter  of    the  Jewellers  and    Sllveramithe'  Auociation  Technical 
School,  Binniogham. 

A8SLSTED  BY 

J.    H.    STANSBIE,    B.Sc.  (Lond.),    F.I.O., 

Lecturer  at  the  Birmingham  Municipal  Technical  SchooL 
In  Large  Crown  8vo»     With  Numerous  lUustrtUiotu, 

Oeryrml  Gimftntx.—lntmAmttnn—This  Auiii^at  QQ\tUmMii  Art— Tbe  Melaliatvr  of  Gold. 
— PfirL'h  i.f  Gr-hl,  SltTrT,  &e -?[¥ii*ratW.|i  nF  All  vfc— MeiHntf  ■f  rJiiil— R4iilhi(r  *tiJ  mtiini  of 
OoUl.— Ttift  Work;»in>jj  t^ml  TikiJa  —  Fi«itfr<'e  Wire  Dmwiiiji  — Manuriicture  ipfFonKfUiJil  DrttMneati. 
— FiUBt'r  EEiign  —  Mokintine  Mui  Si;it\uf^.—Umi>tri^\  CbtUni  nd  i;iilo  J  n«lgnJ'k.— Antique  J«vaI- 
J«frT  mud  iT«  K^Ttvi^l.^KtrairAn  W<^Tk.-^|(«norBu;tiirB  of  Gofd  C}iatiia.-PiiE{!|oCH  8ti>wib.^ 
€iiLtliiisr  DliritoDds  fend  otbiir  Pn^ciiUj  CJenii..— Pt^lubJOk'  nud  Fluiiliieie —CbABicj;,  EmboatDf, 
Aod  RcpouBs^  Work.— The  Colrjurlns'  ntid  F  n^Rlilnp  i>f  Artioliit  <»f  Jr-wMlS^rj^KuAmDliiuff^  m 
History,  PruceiEiDe.  And  Ai)Pllcii1>i]Uy.— Ktiml^k  DtnUnctloiiiatid  Armorial  EifAditigd  —iLttgr^TinM; 
li4  Orlgjrda,  lUBtfirr.  HUd  l*r«if!vw»**.— MoijU^lBjt  uttil  0^«t4Dff  of  OmimiPintii,  &r.— FSuiMi  &«- 
B^iXifeTj  nf  tha  PtvcifwA*  lUHntt  Jtam  tUv  Wiwt*  Pm4u«tt,— ReflnlRi  Kenml  M>d  A^iAjint  " 
Rftn— Oftdlug  and  Electrv  Depof.U3t3ti.-lJa] I- Mi^rklng  Gold  mid  BUv^r  PJ*i«.— Mltc«lTi 
Uuful  lDfond,LUon.'Apj)«ndJi  t  Teclnmlc^inil  ExiiulunUoEti. 


In  Large  8vo.     Handsome  Clqth.     Price  48. 

TABLES    FOR 

QDANTITATIYE  METALLURCIICAL  ANALYSIS. 

FOR   LABORATORY  USE. 
By  J.  JAMES    MORGAN,  F.O.S., 

Member  Soc  Chem.  Industry,  Member  Cleyeland  Institute  of  Engineere. 

SuMMABY  OF  CoNTB N TS.  — Iron  Ores.— Steel.— Limestone,  Ac — ^Bdler  In- 
erostations,  Clays,  and  Fire-bricks.— Blast  Furnace  Slag,  &c. — Coal,  Coke, 
and  Patent  Fuel— Water.— Gases.— Copper.-Zinc— Lead.— Alloys.— Whita 
Lead.— Atomic  Weights.— Factors.— Reagents,  &c. 

V  The  aboye  work  contains  ssTeral  novkl  yKATnais,  notablv  the  extension,  to  quanti- 
tative analysis,  of  the  pmnrciPLRS  of  'Ghoup'  Hkpjlkatiohs,  hitherto  chiefly  oonflaed  to 
QDAlitative  Hork.  and  will  be  found  to  faciutatb  okbatlt  the  operations  of  Ohbmists, 
AssATiBS,  and  others.— i*ii^/«<A<r '4  Mote. 

"  The  Author  may  be  ooxoaATUULTzn  on  the  way  his  work  has  been  carried  oui."— > 
I%$  Bnoineer. 

**  will  coMXiHD  nsBLv  highly  in  Laboratory  Fraotioe.  Its  cLaimrass  and  paMasiMr 
mark  the  book  out  as  a  highly  useful  on^.^'—Mining  Journal. 
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68  0HARLM8  QU9WIN  A  Oa'f  FUBUiJAnomL 

Second  Edition,  Bevised,  Enlarged,  and  in  part  Re-written. 

With  Additional  Sections  on  Modsrm  Th£0BIE8  07  Electroltsis 

Costs,  &c.     Price  10s.  6d. 

A  TREATISE  ON 

ELECTRO-METALLURGY: 

Bmbracing  the  Application  of  EleetrolyBis  to  the  Plsting,  Depositing^ 

Smelting,  and  Refining  of  various  Metals,  and  to  the  Repro- 

dnotion  of  Printing  Sudhces  and  Art- Work,  &c. 

WALTER   G.    McMillan,    F.LC.,   F.C.S., 

Secretary  to  the  Inttitution  of  BUetrieal  Bngineert ;  late  Lecturer  in  MetaUurgv 
at  Mason  College^  Birmingham, 

With    numerous    Illustrations.        Large    Crown    8vo.        Cloth. 

«  This  excellent  treatise,  .  .  .  one  of  the  bkt  and  most  oomvlxts 
manuals  hitherto  published  on  Electro-Metallurgy." — Electrical  Beview. 

"  This  work  will  be  a  standa&d.''— ./tftoei^er. 

'*Any  metallurgical  process  which  riducu  the  cost  of  production 
must  of  necessity  prove  of  great  commercial  importance.  .  .  .  W» 
recommend  this  manual  to  aix  who  are  interested  in  the  fsacticai* 
▲FPUGATIOK  of  electrolytic  processes." — Mature, 


In  large  8vo.     With  Numerous  Illustrations  and  Three  Folding-Plates» 

Price  2 Is. 

ELECTRIC  SIELTIIG-  &  REEini&r 

A  Practical  Manual  of  the  Extraction  and  Treatment 

of  Metals  by  Electrical  Methods. 

Being  the  **  Elektro-Metallubqik  "  of  Da.  W.  BORCHERS. 

Translated  from  the  Second  Edition  by  WALTER  G.  McMILLAN, 
F.I.C.,  F.C.8. 


CONTENTS. 

Pabt  I. — Alkalies  and  Alkaline  Earth  Metals:  Masneeiam, 
Lithium,  Beryllium,  Sodium,  Potassium,  Calcium,  Strontium,  Barium* 
the  Carbides  of  the  Alkaline  Karth  Metals. 

Part  II. —The  Earth  Metals:  Aluminium,  Cerium,  Lanthanum, 
Didymium. 

Part  III. — The  Heavy  Metals  :  Copper,  Silver,  Gold,  Zinc  and  Oad* 
mium.  Mercury,  Tin,  Lead,  Bismuth,  Antimony,  Chromium,  Molybdenum, 
Tungsten,  Uranium,  Manganese,  Iron,  Nickel,  and  Cobalt,  the  Platinum 
Group. 

"  COMFRSHENSIVX  aod  AUTHOIUTATIVB    ...     not  only  FULL  Oi  VALUABLE  IXIOB-  ' 

lUTiOM,  but  glTvi  eridenoe  of  a  thorough  imbioht  Into  the  tedhnteal  valub  satf 
POSSIBILITIBS  of  all  the  methodi  dlsooised."— TA«  Sleetrieian. 

**  I>r.  Borohbrs'  well-known  work  .  .  .  most  of  HBOBasirr  bb  AOQUIBBD-Iiy 
•▼•17  one  interested  in  the  subject.  Bxobllbrtlt  put  into  English  with  additioBel- 
matter  by  Mr.  McMillan."— JVature. 

**  Wm  be  of  great  szryior  to  the  practical  man  and  the  Student."— ^Z««Cr»e  3meM^  j 
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OEBMISTRT  AND  TBOBNOLOQT. 


§9.  Griffin's  Chemical  and  TechBological  Publications. 

For  Metallurgy  find  Electro- MetcUlurgy,  see  previous  Section. 


Profs.  Dupr^  and  Hake,    70 

70 
70 
71 


Prof.  Humboldt  Sexton, 
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70  0BARLS3  ORtFFIN  *  CO.'S  PUBLICATIONS. 

A  SHORT  MANUAL  OF 

INORGANIC   CHEMISTRY. 

BY 

A,   DUPRE,  Ph.D.,  F.R.S., 


WILSON    HAKE,  Ph.D.,  F.I.C.,  F.C.S., 

Of  tlM  Waatmiiisttt  Hotpital  If  •diod  School 

Third  Edition,  Revised,  Enlarged,  and  brought  up-to-date.    Price  9s.  net. 

**  A  weB-writtcn,  dear  and  accurate  Elemeatarr  Manual  of  Inibifanic  fliwmHij.  .  .  • 
We  agree  keardly  with  the  eyetem  adopted  by  Dn.  Dupri  and  Hake.    Will  makb  ExwmmM- 

MBNTAL  Work  TSBBLV  INTSftlSTINO  SaCAUSB  INTBLUGISLR."— %S'«Am^^  i?tfVf«m 

"There  it  no  question  that,  giren  the  rnaFBCT  g«ounding  of  the  Student  in  hb  *?cii»ti^ 
the  reoMunder  comet  afterwanU  to  him  in  a  manner  much  more  limple  and  eaaly  ■LuiriiaJL 
The  work  is  an  bxamplb  or  thb  aovantagbs  or  tkb  Systbmatic  Tbbatmhit  ef  • 
Science  orer  the  fragmentarr  style  10  generally  followed.  By  a  lomo  way  nm  sarr  «f  IW 
•Ball  Manuals  for  Student^'*-~^M^>«f. 


LABORATOBT  HANDBOOKS  BT  A  HUMBOLDT  BEZTOR, 

Profeiaor  of  Metallurgy  in  the  Olaagow  and  Wait  of  Scotland  Teohidoal  Celtog*. 


OUTLINES   OF   QUANTITATIVE    ANALYSIS. 

FOR  THB  USS  OF  STUDSNT8, 

With  niostratioiui.    Fourth  Editiov.    Ctowd  8to,  Cloth,  Si. 

**  A  ooicpAor  LABORATORY  ODIDR  foT  btginB«n  WM  wanted,  and  tha  waal  hm 
4m«i  wsll  turrUBD.    ...    A  good  and  uaafnl  book.**— Zancit 


t)UTLINES  OF  QUALITATIVE  ANALYSIS: 

FOR  THB  USB  OF  STUDBNTS, 

With  Bliutrmtions.   Third  Edition.   Crown  8to,  doth.  Si.  6d. 

••  Tho  wirk  of  a  thoronghly  pnetSeal  efatmist**— A-i<Jk4  MtdiealJaumaL 
^  GompUod  with  gTMt  oara,  and  will  anpply  a  want  *'~^<mmal  of  FdumMmL 

ELEMENTARY   METALLURGY: 

laolnding  the  Anthor'a  Practical  Laboratory .  Courae.      With  mamw 
Illattmtiona.  [8Mp.el 

Sroond  Edition,  Reviaed.    Crown  8yo.    Cloth,  6a. 
"**  Jnat  tha  kind  of  work  for  itadtnta  oommtncing  tha  itady  of  mafeaDaqj.*— 
PraeUeal  Engineer. 

lOMDON :  CHARLES  QRIFFIN  «  CO.,  UNITED,  EXETER  STREET.  BTRMHI. 
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OHMMUTRT  AND  TaOBKOLOOT. 


CHEMISTRY    FOR    ENGINEERS 
AND    MANUFACTURERS. 

A  PRACTICAL  TEXT-BOOK. 

BY 

BERTRAM   BLOUNT,    and  A.  G.  BLOXAM, 

F.I.O..  F.O.8..  iUioe.lDBtO.E.,  F.I.O.,  F.G.8w, 

OonralUDg  OhemUt  to  ths  Orown  Agents  for  Consalting  Ohemist,  Head  of  the  GheiaMiy 

the  Oolonlss.  Department.  Ooldamltht'  ^it.. 

NewOftm. 

With  niuBtrations.    In  Two  Vols.,  Large  8vo.     Sold  Separatolj. 


"The  ftuthon  hare  sdoobbdbd  berond  all  ezpeotatlona,  and  hare  prodnead  a  work  wlilak 
ahoald  gire  raisH  f  owaa  to  the  Engineer  and  Manufactorer.  — TIk<  Tima. 


CHEMISTRY  OF  ENGINEERING,  BUILDING,  AND 

METALLURGY. 

Qmeral  e7o»^7)to.— IirrBODUCTION— diemlstry  of  the  CUef  Materials 
of  Oonstmotlon— Sources  of  Enercry— Cliemlstry  of  Staam-raliliig— Ohemla- 
4r7  of  Lubrloatloii  and  Lubricanti— Metallurgical  ProceiMs  used  In  iht 
Winning  and  Manufacture  of  MetaiB. 

"  Practical  THRonaBouv  ...  an  ADXiaABLi  vixt-book.  naeftil  not  onlj  to  Stndmt^ 
bat  to  E21QIHBBRS  and  Mahagbbb  or  wobxs  in  p&XTBffTiBa  wabtb  and  ixrBOTiffo  PBOCiaiBB.'  — 


"  Bmi  VBHTLT  FKACnOAL."— ^klJVOlO  HtroUL, 

"A  book  worthy  of  HIGH  BANK  .  .  .  its  merit  la  great  .  .  .  treatment  of  the  nih|Mi 
of  OAaBons  rUBL  particularlj  good  .  .  .  Watrr  oas  and  the  production  dearlj  worked  ool 
.  .  .  Altogether  a  moat  creditable  production.  Wb  wabmlt  bbcommbbd  iv,  and  look  forward 
with  keen  Interest  to  the  appearance  of  YoL  U"— Journal  o/Oat  Lighting, 

^VOrjUSSXO    ZZ.      Pvto«    iaa« 

THE    CHEMISTRY    OF    MANUFACTURING 

PROCESSES. 

Oeneral  Contentf. —Sulphuric  Add  Manufacture— Manufacture  of  llkall, 
Jlc— I>eitructlre  DUtlllatlon -Artificial  Manure  Manufacture— Petrdenm 
— Lime  and  Cement—Clay  IndustrleB  and  Qlaas— Sugar  and  Starcli— Brewing 
and  DletiUlng— Oils,  Ruins,  and  Vamlshee— Soap  and  Candles— TeztHei 
and  Bleadilng  —  Colouring  Matters,  Dyeing,  and  Printing  —  Paper  and 
Pasteboard— Pigments  and  Paints— Leather,  Qlue,  and  Slse— BzploilTet 
and  Matches— Minor  Chemical  Manufacturea 

"Oertainly  a  oood  and  ussruL  book,  eonetltutlng  a  raAonoAL  ovidb  for  ■tadaaiB  Iw 
affording  a  olear  eooooption  of  the  nnmorona  prooaaBoa  aa  a  wholaw"— CDkemfcel  IVmi 
JowmaL 

**Wo  ooBTtDBirTLT  KBOOiciCBirD  thU  Tolumo  aa  a  nucnoAX.,  and  not  orerlMded, 
VBXT>BOOK,  Of  OBBAT  TALUB  to  ■tndenta.*'— 7%s  BitiUUr. 

UWOON:  CHARLES  GRIFFIN  A  CO.  LIMITED.  EXETER  STREET,  STRAND. 
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mUlKS  BT  A.  WTNTIB  BLTTH,  H«B.aSL,  F.aSL, 

BmiM»i^Iaw,  P«blto  AMiyrt  for  th*  Oounty  ofDtTon,  Mid  M«dle»l  Offlow  of  UMifk  9m 

01b  MbHJ  ItbiDtb 

FOODS: 

THEIR  COMPOSITION  AND  ANALYSIS. 

Ib  Demy  8to,  with  Elaborate  Tables,  Diagrams,  and  Platea.    Handaoie 
Cloth.    FouBTH  Edition.    Price  91b. 

GSNERAL  OONTSNTa 
Hlftoiy  of  Adulteration— Legislation,  Past  and  Prwent — Amtanibm 
«eefnl  to  the  Food-Analyst — ''Ash" — Sagar—Confectionerv— HoDej— 
Treaole  Jams  and  Preserved  Fruits— Starches — W'heaten-Flonr—Bnad 
—Oats--  Barley —Rye— Rice  —  Maixe  —  Millet  —  PoUto— Peas— Ckineae 
Peas  —  Lentils  —  Beans  —  Milk  —  Cream  —  Butter  —  Oleo- Margarine  — 
Butterine— Cheese— Lard — Tea— Coffee— Cocoa  and  Chocolate— ^oohol— 
Brandy — Rum— Whisky — Oin — Arrack—  Liqueurs — A  bsinthe — Prnieiples 
«ff  Fermentation  —  Yeast  —  Beer  —  Wine— Vineffai  — Lemon  and  Lnne 
Jnioe— Mustard— Pepper— Sweet  and  Bitter  Almond— A nnatto—OliTe 
Oil  —  Watbb  —  Standard  Solutions  and  Reagents.  Appendix:  Text  U 
ICnglish  and  American  Adulteration  Acts. 

PRBSS  NOTICES  OF  THE  FOimTH  BDITIOR. 

** flbnply  muiBPBiisABLB  in  the  AnftlTM's  labontory.**— rAc  Lmt^. 

**Tn  BTAVDABD  woBE  On  the  iDbject  .  .  .  Etery  chapter  and  erery  pace  glTM 
staadsBt  rroof  of  the  tirlot  revMon  to  which  the  work  hae  been  tut jeeted.  .  .  .  The 
■eottoB  on  jfiUE  la,  we  heliefo,  the  mont  ezhanet  t^  utody  of  the  aabjeot  extant  .  .  .  Aa 
■AianMaABXB  mamval  for  Analyati  and  Medical  OfBcen*  of  BMlth."— /*«f6/«e  J?ieaitt» 

**  A  new  edition  of  Mr.  Wynter  Mfth^  Rtendard  work,  nm 
— esTisni  AMD  mnoTSMBirxs,  will  be  acoepted  m  a  boon."— C 


POISONS; 

THEIR  EFFECTS  AND  DETECTION. 

IklBD  Editiov.     In  Large  8vo,  Cloth,  with  Tables  and  IHustrations. 
Price  2l8. 

OXNXBAIi  OONTSNTS. 
I. — Historical  Introduction.  XL— Classification — Statistics — Conneotiea 
Wtween  Toxic  Action  and  Chemical  Composition — Life  Tests— General 
M«lhod  of  Procedure— The  Spectroscope— Examination  of  Bkwd  aadBleod 
Stains.  III.— Poisonous  Gases.  IV.— Acids  and  Alkalies.  V.— Mess 
«r  less  Volatile  Poisonous  Substsnces.  VI. — Alkaloids  and  Poisonevs 
T^table  Principles.  VII.— Poisons  deriyed  from  Living  or  Bead  AniiDsi 
Sntaitances.  VIlI.— The  Oxalic  Acid  Group.  IX.— Inorganic  PoisoM. 
Appendix :  Treatment,  by  Antidotes  or  otherwise,  of  Cases  of  Poisoning. 
*'  Undonbiedly  VBi  Moev  oomplsti  wokk  on  Toxicology  in  oar  lasgnafte."— Z^  Ammli/tt  fm 

**  Ae  a  nuoncil  evrai.  we  know  vo  aima  work."— 3  he  Ltmeti  (cmtlf  TMr4  MiMtm). 
%*Ia  the  Tried  Bninoir,  Bnlaifed  and  partly  B«-wTltten,  Niw  Aiaittioai  MirsoM  hare 
Mi  Msedneed,  and  the  Oadatiuo  AuAMina,  or  Ptoiuivh,  bodie*  playing  io  gveaka  pact  i* 
iCa  p&onlng  and  In  the  Manlfaatatleae  of  DImmm,  have  received  ipeolal  lAAenaaa. 

IDNBOKc  OHMtLES  GRIFFIN  &  CO..  LIMITED.  EXETER  BOfiH,  flBlMU 

Digitized  by  VjOOQIC 


With  Nvnerous  Tables,  and  22  IlhistiatioiML     i6s. 

DAIRY   CHEMISTRY 

FOE  TUJXI   JIANA6BB8,   CHEMISTS,  AMD   AMALTST8 

A  Practical  Handbook  for  Dairy  Chemists  and  others 
having  Control  of  Dairies. 

By  H.  droop  RICHMOND,  F.C.S., 

CHBMIST  TO  TRB  AYLBSBUKY  DAIRT  COMPANY. 

Ctmients.^-l,  Introductory. — The  Constituents  of  Milk.  11.  The  Analysis  of 
MUk.  III.  Normal  Milk :  its  Adulterations  and  Alterations,  and  their  Detection. 
IV.  The  Chemical  Control  of  the  Dairy.  V,  Biological  and  Sanitary  Matters. 
VI.  Butter.  VII.  Other  Milk  Products.  VIII.  The  Milk  of  Mammals  other 
than  the  Cow. — Appendices. — ^Tables. — Index. 

" .  .  .  In  OUT  opinion  the  book  is  the  bbst  contributiok  on  thk  subject  that 
HAS  YVr  APPVARBD  in  thc  English  language."— Zoitcr/. 

"  The  author  has  succe^ed  in  putung  before  the  reader  a  complete  book  ob  Dury 
Chemistry.  It  forms  a  complktb  risumi  of  theoretical  and  practical  knowlbdgb, 
wrrtten  in  essy,  intelligible  language."— 7A^  Anafyti. 


In  Large  8to.    Handsome  Cloth.    With  nnmeronB  lUnslmbtioiMk 

In  Two  Volumes,  sold  separately.     Vol.  I.  now  Heady. 

Complete  in  Itself.     Price  15s. 

TECHNICAL  MYCOLOGY: 

THE     UTILISATION    OF    MICRO-OBaAMISMS    IN    THE 
ARTS    AND    MANUFACTURES. 

A  Practical  Handbook  on  Fermentation  and  Fermentatfoe  Proensee  for  the  Vee  of 

Brewers  and  Diatillera,  Analysts,  Technical  and  Agricultural  Chemists, 

and  all  Interested  In  the  Industries  dependent  on  Fermentation. 

By    Dr.    FRANZ    LAFAR, 

Profeasor  of  Fermentation-Physiology  and  Bacteriology  in  the  Technical 
High  School,  Vienna. 

With  an  Introduction  by  Dk.  £MIL  CHR.  HANSEN,  Principal  of  the 
Carlsberg  Laboratory,  Copenhagen. 

Tbakslatbd   bt   CHARLES   T.    C.    SALTER. 

"The  flrat  work  of  tho  kind  which  can  lay  claim  to  completenpsa  in  the  treatment  of 
ft  fascinating  aobject.  The  plaa  in  admirable,  the  clar sifloatlou  nimple,  the  style  la  good, 
and  the  tendency  of  the  whole  volnme  is  to  convey  snre  informailon  to  the  reader.**— 
Jttmeet. 

"  We  cannot  safficlently  praise  Dr.  Lafar's  work  nor  that  of  bis  admirable  tranelator. 
Ko  brewer  with  a  Ioto  for  his  calling  can  allow  snch  a  book  to  be  absent  from  hia  library." 
'-'Brwer's  Journal^  New  York. 

%*  The  publishers  trust  that,  before  long  they  will  be  ftble  to  present  EnpDdi  readite 
wtth  tlie  second  volnme  of  the  ftbove  work,  arrangements  having  been  concluded  wlnreby, 
npon  its  appeennee  in  Germany  the  English  translation  will  be  at  onee  put  in  band. 
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In  Crown  8to,   Handsome  Clotb*      Fully  Ulustrated.      los.   6d. 

FLESH    FOODS: 

With  Methods  for  their  Chemical,  Microscopical,  and  Bacterio- 
logical Examination. 
A  ProGticcLl  Handbook  for  Medical  Men,  AnalyaU,  Inapeotora  and  othen. 
By  C.  AINSWORTH  MITCHELL,  B.A.(Oxon), 

Fellow  of  the  Institute  of  Chemistry;  Member  of  Council,  Society  of  Public  Analysts. 

With  Numerous  TMet,  Illustrations,  and  a  Coloured  Plate. 

Contents. — Structure  and  Chemical  Composition  of  Muscular  Fibre. — of 
Connective  Tissue,  and  Blood.— The  Flesh  of  Different  Animals. — ^The  Examina- 
tion of  Flesh. — Methods  of  Examining  Animal  Fat. — Tlie  Preservation  of  Flesh. 
— Composition  and  Analysis  of  Sausages. — Proteids  of  Flesh.— Meat  Extracts  and 
Flesh  Peptones.— The  Cooking  of  Flesh.— Poisonous  Flesh.— The  Animal  Para- 
sites of  Flesh.— The  Bacteriological  Examination  of  Flesh. — The  Extraction  and 
Separation  of  Ptomaines.— Index. 

*•*  This  work  is  a  complete  compendium  of  the  chbmistrv  of  amimal  tissvbSw  It  coo- 
tams  directions  for  the  detection  of  morbid  conditions*  putrefactive  changes,  and  poisonoos 
or  injurious  constituents,  together  with  an  account  of  their  causes  and  effects.~/*if^AR4«n' 
Nou, 

"  A  omnirilatien  which  will  be  most  useful  for  the  class  for  whom  it  is  intended."— ^/Jkffunrm. 

"  A  book  which  NO  ONB  whose  duties  inTolye  considerations  of  food  supply  CAN  AFFORD  TO  BB 
WITMOUT."--A/«»«i^/B/  yntmal. 


Just  out.    In  Large  8to,  Handsome  Cloth.     Price  7s.  6d.  net. 

FERMENTS 

A  Text'book  on  the  Chemistry  and  Physics  of  Fermentative  Changes. 

BY 

CARL    OPPENHEIMER,    Ph.D.,    M.  D., 

or  the  Physioiogioal  Institute  at  Erl&ogrn. 

Translated  fbom  thk  German  by 

C.   AINSWORTH   MITCHELL,   B.A.,  F.LC,   F.C.S. 

Abridoed  Contbnts.— I.  Introduction.— II.  Deflnition  of  a  Ferment.— HI.  Chemical 
Nature  of  Vermenta.— IV.  Influence  of  External  Factors.—V.  Mode  of  Actton.~YI. 
Physiological  Action  of  Ferments— VII.  Secretion  of  Ferments.— VIII.  Importance  of 
Ferments  to  Vital  Action.— IX.  Proteolytic  Ferments.— X.  Trypsin.— XI.  Bacteriolytic 
and  Hiemolytic  Ferments.— XII.  Vegetable  Ferments.— XIII.  Coagulating  Ferments.— 
XIV.  Sacchnrifying  Ferments.- XV.  Animal  Diastases.- XVI.  Polj^accharldea.— XVII. 
Snzvmes. —XVIII.  Ferments  which  decompose  Olucosides.- XIX.  Hydrolytlc  Ferments. 
—XX.  Lactic  Acid  Fermentation.— XXI.  Alcoholic  Fermentation.— XXII.  Biology  of 
Alcoholic  Fermentation.— XXIII.  Oxydases.- XXIV.  Oxidising  Fermentation.— Bibli- 
ography.—Index. 

The  present  Translation  embodies  Notes  and  Additions  to  the  Work 
made  by  the  Author  subsequent  to  its  Publication  in  Gennaiij. 
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Digitized  by  VjOOQ IC 


0HMM18TRT  AND  TWOHNOLOQT.  75 

Ib  Large  8vo.     Handiiome  Cloth.     Price  2l8. 

THE   PRINCIPLES   AND    PRACTICE   OF 

BREWING. 

FOR  THE  USE  OF  STUDENTS  AND  PRACTICAL  MEN. 

BT 

WALTER  J.  SYKES,  M.D.,  D.P.H.,  F.LC, 

KDITOK  or  "TBI  AMALTSR" 

With  Plate  and  Illastrations. 
ABSTRACT   OP   CONTENTS. 

L  Physical  Principles  involved  |  Fermentation. 


in  Brewing  Operations. 
Chemistry  with  special  re- 
ference to  the  materials 


II L  Water. 

Barley  and  Maltingr. 
Brewery  Plant. 
Brewing. 


used  in  Brewing.  ,  Beer  and  its  Diseases; 

n.  The  Microscope.  Appendices. 

Vegetable  Biology.  I  Index. 

**  A  Tolame  nf  Brewing  Science,  which  hM  long  heen  awaited.  ...  We  eonsider  it  one  < 
of  *KB  MOST  oovpLXTV  In  co!fTBNT8  «nd  HOTBL  iH  AaaAiroiMBiTT  that  has  jet  been  published. 
.    .    .    Will  command  a  large  sale.  "—TAe^reieert'J^tmrnai. 

*'The  appearance  of  a  work  such  as  this  senres  to  remind  ua  of  the  bsiorvouilt  bapid 
ABTAHCI8  made  in  our  knowledge  of  the  Scientific  Prinniplea  underlying  tlie  Brewing  Proeesaea. 
...  Dr.  Sykes'  work  will  unaoubtedl/  b^  of  the  oaiAiHiT  amistarcb.  not  merelj  to  Brewers. 
but  to  all  Chemists  and  Biologists  interested  in  the  problems  which  ths  Fermentation  industries 
prsssni."— I^  AnaXy^t. 

"The  publication  of  Dr.  Stebs'  mastbrlt  tbbatisb  on  the  art  of  Brewing  Is  quite  an  erent 
tai  the  Brewing  World.  .  .  .  Deserves  our  warmest  pratae.  ...  A  better  guide  than  Dt. 
Sykes  sould  hardly  be  found."— CV»it<y  Brewers'  Oaxettt. 


In  Large  8vo.     Handsome  Cloth. 

AGRICULTURAL  CHEMISTRY  AND  ANALYSIS : 

A  PRACTICAL  HANDBOOK  FOR  THE  USE  OF  AGRICULTURAL  STUDENTS^ 

BY 

J.   M.   H.    MUNRO,    D.Sc,    F.I.C.,    F.C.S. 

ProfetBor  of  Chemistry,  Downton  College  of  Agrionltnre. 

[In  PrtpartUwn^ 
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76  CHARLB8  CfBIFFIN  A  OO.'S  PUBLICATIONS, 

With  TablM,  Illiutnitioiis  in  the  Text,  and  37  Lithogxaphic  Plata.    Mediaaa 
8to.     Handiome  Cloth.     301. 

SEWAGE  DISPOSAL  WORKS  s 

A  Quids  to  the  Construetion  of  Works  for  the  Prevention  of  the 
Pollution  by  Sewage  of  Rivers  and  Estuaries. 

By  W.  SANTO    CRIMP,   M.Inst.C.E.,  F.G.S., 

Late  ABUSteiitr£ngine«r,  London  Ounty  CoundL 

Second  Edition,  Revised  and  Enlarged. 


PART  I,— 4NTiODUCTOEr.    PART  IL— Sewaob  Disposal  Woeks  in 

Opseation— Thsie  Construction,  Maintenance,  and  Cost. 

nhumied  by  Plates  showing  the  General  Plan  and  Arrangement  adopted 

in  each  District 

^**  From  the  Ikct  of  the  Author's  having,  for  tome  years,  had  charre  of  the  Mam 
•lainage  Works  of  the  Northera  Section  of  the  Metropolis,  the  chapter  on  Londok  will  btt 
found  to  eoatain  many  importaat  details  which  would  not  otherwise  naTe  been  available. 

"  AH  poffsoas  intertated  in  Sankary  Sdence  owe  a  debt  of  gratitude  to  Mr.  Criapb  .  .  . 
His  wevk  will  be  especially  ueeful  to  Sanitaky  Authoritiss  and  their  adviaan  .  .  . 
«iaaBrn.T  peactical  and  useful  .  .  .  giTes  plans  and  descriptions  of  mamt  or  rxa 
MOST  DcroBTAirr  saw  ACS  w^aas  of  England  .  .  .  with  very  valuaUe  infoimalMn  as  to 
ihe  ceer  ef  eeansiiciicn  and  «<Qrkiac  of  each.  .  .  .  The  carcfuUy-^epared  dzmwiags  per- 
mit ef  an  eaay  conpariaon  between  ue  difereat  tyumn'' ^Lmtc^t 

"rtabably  the  most  coMPurra  and  assr  trbatisb  on  the  anUect  which  has  appeared 
in  our  laagviage  Will  prove  of  the  greatest  use  te  all  who  have  the  problem  of 

Sewage  Diaponl  to  ^ao^^^Edinbrnrgh  Mtdkal J oumal . 


In  Crown  8vo,  Extra.    With  Illustrations.      8s.  6d. 

CALCAREOUS   CEMENTS: 

THE\R  NATURE,  PREPARATION,  AND  USES. 
Bv  GILBERT  R.   REDGRAVE,   Assoc.    Inst.   C.E., 

Assistant  Secretary  for  Technology,  Board  of  £ducatiun.  South  Kensington. 

General  Contents. — Introduction— Historical  Review  of  the  Cement 
Industry — The  Early  Days  of  Portland  Cement — Composition  of  Portland 
Cement— Processes  of  Manufacture— The  Washmill  and  the  Backs — 
Flue  and  Chamber  Drying  Processes — Calcination  of  the  Cement  Mixture — 
Grinding  of  the  Cement — Composition  of  Mortar  and  Concrete — Cement 
Tbstino  *- Chemical  Analysis  of  Portland  Cement,  Lime,  and  Raw 
Mattriak — Employment  of  Slags  for  Cement  Making  —  Scott's  Cement, 
Selenitic  Cement,  and  Cements  produced  from  Sewage  Sludge  and  the 
Refuse  from  Alkali  Works  —  Plaster  Cements  —  Specifications  for  Portland 
Cement — Appendices  (Gases  Evolved  from  Cement  Works,  Effects  of  Sea- 
water  on  Cement,  Cost  of  Cement  Manufacture,  &c.,  &c.) 

'*  A  woik  oalealatad  to  be  of  ossat  and  axTs«i»KD  vTijjrT.**'~Ohemieal  Nttu. 

**  Imvaluablb  to  the  Studenr,  Architect,  and  Eoffineer."-  Building  A>t9«. 

**  A  work  of  the  orzarbt  nrraRnsT  and  CBKroumaa,  which  appears  at  a  very  orittoal 
peiled  of  the  Cement  Trade."— Jlrt<.  Trade  Jouf-nal. 

"  Will  be  naeful  to  all  intereited  in  the  XAXUTACTUBa,  U8S«  and  Tafmra  of  Cemtata**-* 
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asEuisTnr  and  TstmifOLOQT. 


m  ACTIVE  PREPARATION. 

BemttifvUy  IlluatraUed,  with  Numerous  Plates,  Diagtxamt  oMd 
Figures  im  the  Text. 

TRADES'    WASTE; 

ITS   TBEATMSNT   AND   UTILISATION. 

WHh  SpeotcU  Reference  to  the  Prevention  of  Rivera  Poilution, 

A  Handbook  for  Borough  Engineers,  Surveyors,  ArchiteeU 
and  Analysts. 

By    W.    NAYLOR,    F.O.S.,    A.M.Inst.C.E. 

Contents.— I.  Introduction.— II.  Chemical  Enq^ineering.— in.— "Wool  De^^roMliig 
and  Grease  Recovery.— IV.  Textile  Industries;  Calico  Bleaching  and  Dyeing. —V.  Dfeliig 
and  Calico-printing. —VI.  Tmulng  and  Fellmongory.— VII.  Browery  and  Diatillecy 
Waite.— VIII.  Paper  Mill  Refuse.— IX.  General  Trades'  Waste.— Index. 

**  Almi  at  settinR  f  irth  the  causes  of  rlrers  poUation,  and  the  best  known  means  of 
prerentlng  sucb pollution  eco  lom  cally.  .  .  An  attempt  hds  heen  male  to  printout 
U16  prinoipleHf  ohJkraoieristics,  and  adTantagea  of  tne  vanoas  sytftemi  of  trefttment."— 
ArOKor**  Pr^au. 


SnxxRD  Editiov,  Revised  and  Enlarged,  with  Nbw  Sbotiok  on 
AcBTYLKiTK.    Fully  Illustrated.    lOs.  6d. 

THE    CHEMISTRY    OF 

GAS     MANUFACTURE. 

A  Hand-Book  on  the  Produotion,  Purifioation,  and  Testing  of  Illuminating 

Qaa,  and  the  Assay  of  the  Bye-Products  of  Qas  Manufacture. 

For  the  Use  of  Students. 

W.  J.  ATKINSON  BUTTERFIELD,  M.A.,  F.I.C.,  F.O.S., 

Furmerly  Head  Chemist.  Gas  Works,  fieekton,  London.  S. 


GsHEitAL  Contents. — ^I.  Raw  Materials  for  Gas  Mannfaotnre.— II.  Coal 
Gas.— III.  Carburetted  Water  Gas.— IV.  Oil  Gas.— V.  Enriching  by  Light 
Oils.— VI.— Final  Details  of  Manufacture.— VII.  Gas  Analysis.— VTU. 
Photometry.— LX.  Applications  of  Gas.— -X.  Bye-Products.- XI.  Acetylene. 
— Indxx. 

**  The  BVflT  WORK  of  its  kind  which  we  have  ever  had  the  pleasure  of  m- 
viewing.**— /ouma^  of  Oas  lAghUna. 

'*  Amoni<8t  works  not  written  in  German,  WB  BECoiof  end  betobe  all  othuui, 
Buttebfield's  Chemistry  of  Gas  Manffacturb."— CAewilw  Zeitung. 
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7S  OBAMLMS  GMIFFIXt  S  QO.'B  PUBUOATIOKS. 

Eighth  Edition,  Revised.    Price  6e. 

PRACTICAL  SANITATION: 

A  HAND-BOOK  FOR  SANITARY  INSPECTORS  AND  OTHERS 

INTERESTED  IN  SANITATION. 

By  GEORGE    REID,   M.D,   D.P.H, 

Mtiinv,  Afem,  Cauncii,  and  ExamitUTt  Sanilary  InsHiuU  «f  Grtat  Sriimim, 
and  Mtdical  Officer  to  th§  Siaffordahir*  County  Council, 

HOiftb  an  Bppen^U  on  Sanftati?  Xaw* 
By     HERBERT    MAN  LEY,    M.A.,    M.B^    D.P.H^ 

ModUal  Officor  ofHoalthfor  tko  County  Borough  of  Woit  Bromwieh, 

GINBRA.L  Contents. —Introduction-- Water  Supply:  Drinking  Watet, 
Pollution  of  Water— Ventilation  and  Waiming  —  Principles  of  Sewac* 
RemoTal  —  Details  of  Drainage;  Refuse  Removal  and  Disposal — Sanituy 
and  Insanitary  Work  and  Appliances — Details  of  Plumbers^  Work — Houae 
Construction  —  Infection  and  Disinfection  —  Food,  Inspection  of ;  Cluurae- 
Itristics  of  Good  Meat ;  Meat,  Milk,  Fish,  &c.,  unfit  for  Human  Food- 
Appendix  :  Sanitary  Law  ;  Model  Bye-Laws,  &c. 

"Dr.  Rcid*s  very  useful  Manual  .  .  .  ABOUNDS  in  practical  detaiu" 
•^Britifh  Medical  Journal. 

"A  VBRY  USEFUL  HANDBOOK,  With  a  Very  useful  Appendix.  We  recommeDd 
k  not  only  to  Sanitary  Inspectors,  but  to  Householders  and  all  interated 
In  Sanitary  matters." — Sanitary  Kecord, 


COMPANION    VOLUME    TO    REID*8    SANITATION. 

In  Crown  8vo.    Handsome  Cloth.    Profusely  Illustrated.     8s.  6d.  net. 

Sanitary  Engineering: 

A  Practical  Manual  of  Toivn  Drainage  and  Sewage  and  Refuse  Diapoaal, 

For  Sanitary  Authorities,  Knarlneors,  Inapootora,  Arohltoota, 
Contraotora,  and  Students. 

BY 

FRANCIS  WOOD,  A.M. Inst. C.E.,  F.G.S., 

Borough  Surveyor,  Fulham ;  late  Borough  Engineer,  Bacup,  Lanes. 


aXNEBAL  CONTENTS. 
Introduction. — Hydraulics.— Velocity  of  Water  in  Pipes.— Earth  Pressures  and  Retaiainf 
Wa]]s.->-Powers.— House  Drainage.-  Land  Drainage. — Sewers. — Separate  System. — Sewage 
Pumping. — Sewer  Ventilation. — Drainage  Areas. —Sewers,  Manholes,  &c — Trade  Refuse." 
Sewage  Disposal  Works. —Bactbriolysis.— Sludge  Disposal.— Construction  and  Cleansing 
of  Sewers.— Refuse  Disposal.— Chimneys  and  Foundations. 
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Important   New  Work. 

In  Two  PWumffSf  Large  Svo,     Strongly  Bound. 

TABLES   AND    DATA 

FOR  THE  USE  OF  ANALYSTS,  PHYSICISTS,  CHEMICAL 
MANUFACTURERS,  AND  SCIENTIFIC  CHEMISTS. 

Volume  I.— Chemical  Tables. 
Volume  II.— Physical  Tables. 

By  Prof.    J.    C ASTELL-E^V ANS,    F.I.C.,    F.C.S.,. 

Finsbury  Technical  College. 

The  Tables  may  almost  claim  to  be  exhaustive,  and  embody  and  collate  all  the  most 
ecent^  data  established  by  expierimentalists  at  home  and  abroad.  The  volumes  will  be 
foand  invaluable  to  all  engaged  in  research  and  experimental  investigation  in  Chemistry  and 
Physics. 

•••  This  important  Work  comprehends  as  far  as  possible  all  rulks  and  tablss 
raquired  by  the  Analyst,  Brewer,  Distiller,  Acid-  and  Alkali- Manufacturer,  &c..  &c  ;  and 
abio  the  principal  data  m  Thbrmo-Chbmiatrv,  Elbctro-Chi-mistrv,  and  the  various 
branches  of  Chbmical  Physics  which  are  constantly  required  by  the  Student  and  Worker  in 
Original  Research.  Every  possible  care  has  been  taken  to  ensure  perfect  accuracy,  and  t»> 
include  the  results  ef  the  most  recent  investigations. 


In  Large  800.     Handsome  Cloth,     Beautifully  Illustrated,     WitK 
Plates  and  Figures  in  the  Text,     2\s, 

Road  Making  and  Maintenance: 

A    FSACTICAIi    TBEATISE    FOB    ENGINEEBS, 
SUBVBYOBS,     AND     OTHEBS. 

With  an  Histobical  Sketch  of  Akgixnt  and  Modern  Practiob. 

By  THOS.  AITKEN,  AssocM.Inst.O.E., 

Membar  of  the  Associitlon  of  Maniolpal  and  Coanty  Engineers;  Member  of  the  Sftuitary/ 
Inst;  Sarreyor to  the Oonnty  Oonnoil of  Fife.  Cupar  Division. 

WITH  NUMEROUS   PLATES,    DIAGRAMS,    AND   ILLUSTRATIONS, 

Contents. — Historical  Sketch. — Resistance  of  Traction. — Laying  ont 
New  Roads.  —  Eiirth works,  Drainage,  and  Retaining  Walls.  —  Road 
Materials,  or  Metal. — Quarrying. — Stone  Breaking  and  Hanlase. — Road- 
Rolling  and  Scarifying. — ^The  Construction  of  New,  and  the  Maintenance 
of  existing  Roads. — CSbrriage  Ways  and  Foot  Ways. 

"The  Literary  style  is  szcxLLBXT.  .  .  .  A  compuihshsivb  and  sxcBLLiirT  Modem  Book^,  an 
vr-fo-DATs  work.  .  .  .  Shonld  be  on  the  refereooe  shelf  of  every  Munldpal  and  Coanty 
Aigineer  or  Snrvejor  in  the  United  Kingdom,  and  of  every  Colonial  Engineer."— rA«  Survt^or. 
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Painters' 
Colours,  Oils,  &  Varnishes: 

A    PHACTICAXi    XAjmJAlu 

By   GEORGE    H.    HURST,    F.C.S., 

Member  of  the  Society  of  Chemical  Industry ;  Lecturer  on  the  Technology  of  Pamtan^ 
Colours,  Oils,  and  Varniahea,  the  Municipal  Technioal  School,  Manchester. 

Third  Edition,  Revised  and  Enlarged.     With  IllustratioDs.     12s.  6d. 

General  Contents.— Introductory— The  Composition,  MANUPAcnntE^ 
ASBAT,  and  Analysis  of  Pigments,  White,  Red,  Yellow  and  Oraini^e.  Qfeen, 
Olue,  Brown,  and  Black— Lakes — Colour  and  Paint  Machinery— Paint  Vehidet 
<Oils,  Turpentine,  &c.,  &c. )— Driers— Varnishes. 

'*  This  useful  book  will  prore  most  valuable. "—CArwftra/  Ntmt. 

"  A  ^rmetical  manual  in  every  respect  .  .  .  bxcbboinclv  iMSTar'CTiVB.  tkm 
'•ection  on  Varnishes  is  the  most  reasonable  we  have  met  with."— CArmix/  tmd  Druggiai, 

**  Vkiiy  valuable  information  is  giycn.**— Plumper  and  DtcoraUr. 

"  A  THoaouGHLY  PBACTiCAL  book,  ...  the  ONLY  English  work  that  satiifacmrily 
Create  of  Che  manufacture  of  oils,  colours,  and  pigments.** — CJktmicMJ  Tradti*  y^mmmJ. 

*,*  For  Mr.  Hurst's  Garment  Dyeing  and  Clb^aning,  see  p.  84. 


WORKS  BY  DR.  ALPEH  WRIGHT,  F,R.S. 

Fixed  Oils,  Fats,  Butters, 
and  Waxes: 

TESIR  PREPABATION   AND  PROPXfiTIEB, 

AND  THE 

MANUFACTURE    THEREFROM    OF   CANDLES, 
SOAPS,  AND  OTHER  PRODUCTS. 

BY 

C   R.  ALDER  WRIGHT,   D.Sc,   F.R.S., 

l«te  Lecturer  on  Chemistry,  St  Marv's  Hospital  Medical  School;  Sxamineria  "Smi^'' 
to  tlM  City  and  Guilds  of  London  Institute, 

In  Large  8vo.     Handsome  Cloth.     With  144  Illustrations.     38s. 


"  Dr.  WaiGHT's  work  will  be  found  absolutsly  imoispbitsablb  by  every  Chemiit 
Tbbms  with  infonnation  valuable  alike  to  the  Analyst  and  the  Technical  ChoaiflC.*— 
Tke  Analyii. 

"Will  rank  as  the  Standamd  English  Authobity  on  Oils  and  Fats  Cor  MWf 
yeafs  to  oom^^'—lKdustrigs  mnd  Irtn, 
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ORWMISTRT  AND  TMOBNOLO&T.  %i 

Painting  and  Decorating: 

A   Complete  Practical  Manual  for  House 
Fainters  and  Decorators. 

BT 

WALTER    JOHN    PEARCE, 

UOrUMMM  AX  «■■  M4H0HIBT1B  TBOBMICAL  ■OBOOC  lOB  HOUUC-PAimilA  AMD  DSOOBAnV*. 

In  Crown  8vo.  extra.    With  Numerous  Illustrations  and  Plates 
(some  in  Colours),  including  Original  Designs.     12s.  6d. 


GSNEBAX.  OONTXNTS. 
Introduction — Workshop  and  Stores —Plant  and  Appliances— Brushes  and 
Tools— Materials :  Pi^ents,  Driers,  Painters*  Oils— Wall  Han^gs— Paper 
Hanging— Colour  Mixing — Distempering — Plain  Painting — Stainm?— Yamish 
mad  varnishing— Imitative  Painting  —  Grraining— Marbling — Gilding— Sign- 
Writing  and  Lettering — ^Decoration  :  General  Principles — Decoration, in  3s- 
temper — Painted  Decoration  — Relievo  Decoration — Colour— Measuring  and 
Eistunating — Coach-Painting— Ship-Painting. 

•*A    THOROUOHLY    USEFUL   BOOK     .      .      .      gives    GOOD,    SOUND,   FBAOTIOAL 

IKFOBHATION  in  a  CLEAR  and  CONCISE  FORM.  .  .  .  Can  be  confidently 
ceoommended  alike  to  Student  and  Workman,  as  well  as  to  those  carrying  on 
business  as  House -Painters  and  Decorators  " — Plumber  and  Decorator. 

*'A  THOROUOHLT  OOOD  AND  BKLIABLB  TBXT-BOOK.      .      .      .      So   FULL  and 

<X)MPLBTB  that  it  would  be  difficult  to  imagine  how  anything  furUier  ooold  ba 
«dded  about  the  Painter's  cnit.*'—BuiUUrP  Journal, 


SECOND  EDITION,     Crown  8vo^  Htmdsonu  ClOh.    zu. 

Including    all  the   Newer  Developments  in    Photograohic    Methods^ 

together  with  Special  Art'clea  on  Radiography  (the  X-Raya), 

Colour  Photography,  and  many  New  Plates, 

PHOTOGRAPHY: 

nS  HISTORY,  PROCESSES,  APPARATUS,  AND  MATERIALS. 

Comprising  Working  Details  of  all  the  More 
Important  Methods. 

By    a.    brothers,    F.R.A.S. 

WITir  NUMEROUS  FULLPAGK  PLATES  BY  MANY  OF  THE  PmO- 
CESSES  DESCRIBED,  AND  ILLUSTRATIONS  IN  THE  TEXT. 

**  A  standard  work  on  Photography  brousrht  quite  up-to-date." — PheUgraphy. 
"  A  highly  informative  book.     .     .     .    Wc  can  cordially  recommead  the  volume  as  a 
'  worthy  addUtion  to  aay  library." — BritUk  J ourmal of  Photo^apky. 

**  Pre-eminently  a  tound  practical  treatise  on  Photography  written  by  a  practical  worker 
of  life-long  experience." — Lttd*  Mtrcury. 

••  The  illustrations  are  of  great  beauty."— ^«tf^ryMa». 
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ta  0SASLM8  OMFFIir  A  OO.'S  PUBLlOATtOlfS. 

§10.  THE  TEXTILE   INDUSTRIES. 

/»  Two  Large   VoiuineA^  920  pp.,  with  a  Supplementary  Volume, 
containing  Specimens  of  Dyed  Fabrics.    45«. 

A   MANUAL    OF   DYEING: 

fOR  THE  USB  OF  PRACTICAL   DYERS,  MANUFA€TURERS,  STUDENTS, 
AND  ALL  INTERESTED  IN  THE  ART  OF  DYEING. 

BY 

B.  KNECHT,  Ph.D.,  F.I.C.,  CHR.  RAWSON,  F.I.C.,  F.C.S.» 

MmA  of  lb*  0h«ttl>tz7  and  D7«in«  DepMtmcBt  of  Lat«  HaMl  of  th«  Chnntatrr  and  Djrainff  DapartBiB* 
Vb»  TwImlM]  BohooU  ManebMtflr:  Vditur  of  "The  o(  tha  Teehnlaa  CoUef*.  Bradford;  Mambar  off 
iMiaalo  Um  Boelatj  of  Dyan  And  ColoorUta ; "  OoancU  of  tha  Sodaty  of  I>ran  ud  Oolouxtate; 

And  RICHARD  LOEWENTHAL,  PIlD. 


General  Contbnts.— Chemical  Technology  of  the  Textile  Fabria 
Water — Washing  and  Bleaching  —  Acids,  Alkalies,  Mordaate  —  Natural 
Colooring  Matters— Artificial  Orf^anic  Colouring  Matters — Mineral  Coloon 
— Machinery  used  in  Dyeing— Tinctorial  Properties  of  Colouring  Matters — 
Analysis  and  Valuation  of  Materials  used  in  Dyeing,  &c.,  &c. 

The  MOST  ▼Ai.UABLB  ftnd  cesruL  work  on  Djeing  that  has  yet  appeared  in  the  En^^"^ 
.    .    likely  to  be  thi  Stavdaro  Work  ov  liRTRRsircB  for  yean  to  come.**— 

••  This  anthoritative  and  ezbanatite  work   .    .    .    ttie  most  ooimBn  we  have  yet  sees 
•a  the  sabjeot."— 7%ff(i/«  Mantifociurer. 

"  The  MOST  BXBAU8TIT1  and  coicPLRTK  woRZ  ou  the  subject  extant.**— IkxiOc  Ruordtr, 


Companion  Volume  to  Knecht  di  Rnwson's  **  Dyeing. "    In  Large  8vo. 
Handsome  Cloth,  Library  Style.     16s.  net. 

DYES,  MORDANTS,  &  OTHER  COMPOUNDS 

USED  IN  DYEING  AND  CALICO  PRINTING. 

With  Formula,  Properties,  and  Applications  of  the  various  substances  descrlbeit, 

and  concise  directions  for  their  Commercial  Vaiuatlon, 

and  for  the  Detection  of  Adulterants. 

Br  CHRISTOPHER  RAWSON,  F.I.C.,  F.C.S., 

Conanlitaif  Chemist  to  the  Befaar  Indigo  Planten'  Araoelatlon :  Co-Anthor  of  "A  Hanoal 

of  Dyeing;" 

WALTER  M.  GARDNER,  P.C.S., 

Head  of  the  Department  of  Ohenilstry  and  Dyeing,  Bradford  Mnnieipal  Technical  College; 
Bdltor  of  the  "  Jonm.  Boo.  Dyen  and  Colonristf ; 

And  W.  F.  LAYCOCK,  Ph.D.,  F.C.S., 

Analytical  and  Conralting  Chemlit 
*'  Tom  to  the  bcok  as  one  may  on  any  inbjeot,  or  any  enbetanee  in  coonection  with  the* 
trade,  and  a  refe*  enoe  In  mre  to  be  fonud.    '1  he  authors  hare  apparently  left  nothing  ont. 
Considering  the  immeose  amont  t  of  information,  the  book  is  a  cheap  one,  and  we  tmst  it 
will  be  widely  appreciated.**— 7'ej:ftf'«  Mtreuty. 
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THE  TEXTILE  INDUSTRIEB. 


JUST  OUT.     In  Large  8vOy  Handsome  Cloth,  with  Numerous 
Illu4trations, 

TEXTILE   FIBRES. 

A   HANDBOOK   OF 

The  Occtirrenoe,  Distribution,  Preparation,  and  Industrial 

Uses  of  the  Animal,  Vegetable,  and  Mineral 

Products  used  in  Spinning  and  Weaving. 


WILLIAM     I.     HANNAN, 

Lecturer  on  Botany  at  the  Anhton  Maniclpal  Teohnle  •!  School,  Lecturer  on  Cotton 
Spinning  at  the  Chorley  Soienoe  and  Art  School,  &c. 

With  Numerous  Photo  Engravings  from  Nature. 

*«*  The  subjects  discassed  in  this  volume  are,  in  order  to  facilitate 
reference,  arranged  in  alphabetical  order  under  their  respective  beads.  The 
work  may  thus  be  regarded  as  a  Dictionary  on  Textile  1<  ibres.  A  feature  of 
the  work  is  the  wealth  of  lK)tanical  description  which  accompanies  tb« 
Section  dealing  with  Vegetable  Fibres.— Puft/ia^cra*  Note. 


TEXTILE    PRINTING: 

A  PBACTICAL   MANUAIi. 
Including  the  Processes  Used  in  the  Printing  of 
COTTON,   WOOLLEN,    SILK,    and   HALF- 
SILK   FABEICS. 


By  C.  F.  SEYMOUR  ROTHWELL,  F.C.S., 

M.  Boc.  tf  OhmUeaf  Induttria;    laU  Leeiurtr  ai  th*  Municipml  Ttchmlctd  MW 
Mtmchetter. 

In  Large  8vo,  with  Illustrations  and  Printed  Patterns.     Price  2  it. 


General  Contents.  —  Introduction.  —  The  Machinery  Used  in  Textile 
Printing.—Thickeners  and  Mordants.— The  Printing  of  Cotton  Goods.— The 
Steam  Style. —Colours  Produced  Directly  on  the  Fibre.— Dyed  Styles.- 
Padding  Style.— Besist  and  Discharge  Styles.— The  Printing  of  CompouDd 
Colourings,  &0.— The  Printing  of  Woollen  Goods. -The  Printioa:  of  Silk 
Goods.  —  Practical  Recipes  for  Printing.  —  Appendix.  —  Useful  Tables.  — 
Patterns. 

**  Bt  fab  ms  BBST  and  mo^t  piiAonoAL  book  on  tbxtilb  PKiNTDra  which  has  jei  been 
iMTOoght  ont,  and  will  long  remain  the  tiandard  work  on  the  subjeot  It  Is  ftissnilsllr 
prscdcal  in  ohtkraeter.**— -T^Lrd/e  A/ercury. 

*'  Thb  most  FBAcncAL  MAMVAL  of  TBXTTLX  pBiMTmo  which  hss  jot  appeared.  We  ha^* 
so  hesitation  in  reoommeDdiog  ix.**—rh€  Ttxtilt  Hanu/acturtr. 
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fti  CffABUBB  OSIFJ^IJr  S  QO:a  PUBLWA  TI0N8. 

Large  8vo.     HandBome  Cloth.     128^  6d. 

BLEACHING  &  CALICO-PRINTING. 

A  Short   Manual  for   Students  and 
Practical  Men. 

By    GEORGE    DUERR, 

DlrMtor  of  the  Bl«fteblng,  DreiOK,  and  Prtnttnr  Deputnaot  at  tlM  AMrlnfton  wd  Bmo*. 
TMtaiii«ftl  Boboolt ;  Oh«inM  «m1  OoIovtIm  at  tha  lrw«U  PrM  Wofka. 

AssisTSD  BT  WILLIAM   TURNBULL 

(of  Tarnball  A  Stockdale.  Limltad). 

THth  Illustrations  and  upwards  of  One  Hundred  Dyed  and  Printed  Pattenw 
designed  specially  to  show  yariouB  Stages  of  the  ProoesMS  described. 

GENERAL  CONTENTS. -Cottok,  Composition^  of;  Bleaching.  Neir 
Processes ;  Printing,  Hand-Block  ;  !<  lat-Press  Work ;  Machine  Printing^ 
MoBnANTS— Styles  of  Calico- Printing  :  The  Dyed  or  Madder  Stvle,  Resist 
Padded  Style,  Discharge  and  Extract  Style,  Chromed  or  Raised  CoIouts, 
Insoluble  Colours,  fta  —  Thickeners  ~  Natural  Organic  Cok>uring  Mattem 
—Tannin  Matters— Oils,  Soaps,  Solvents— Organic  Acids— Salts— Mineiml 
Colours— Coal  Tar  Colours— Dyeing— Water,  Softening  of— Theory  of  ..Colovm 
— ^Weights  and  Measurss,  &c 

**  When  a  ebadt  way  out  of  a  dlfflcnlty  ia  wantad.  It  la  is  books  likb  thh  that  it  la  fooad.*— 
SVsMIc  JZMorder. 

"Hr.  Duna'a  work  will  be  found  most  vbbfvl.  .  ,  .  The  information  giyen  ia  ofeasiar 
▼ALCB.   .   .    .   The  Raelpae  are  TBOROUOHLT  PBACTiCAb"~rMltia  JTMUt/tMAtrw. 


Second   Edition.      Revised  and  Enlai^d.     With  Numerous 
Illustrations.      4s.  6d. 

GARMENT 
DYEING    AND   CLEANING. 

A  Practical  Book  for  Practical  Hen. 

By     GEORGE     H.     HURST,     F.C.S., 

Member  of  the  Society  of  Chemical  Industry. 

Gbneral  Contents. —Technology  of  the  Textile  Fibre8--Gannent  Cleaafaic 
—Dyeing  of  Textile  Fabrics — Bleaching— Finishing  of  Dyed  and  Cleaned  Fabrics 
Soourincr  and  Dyeing  of  Skin  Rugs  and  Mats — Cleaning  and  Dyeing  of  Feathers— 
Glove  Cleaning  and  Dyeing — Straw  Bleaching  and  Dyeing— -Glossary  of  Drugs 
and  Chemicals— Useful  Tables. 

"  An  up-To-DATB  hand  book  has  long  been  wanted,  and  Mr.  Hurst  has  done  nothioc 
■mre  oonplece  than  this.  An  imponaat  work,  the  more  so  that  several  of  the  branches  of 
the  cnaft  here  treated  upon  are  almost  entirely  without  Erglish  Manuals  for  the  ] 


«f  workers.    ITie  price  briogn  it  within  the  reach  of  all.**— 2>yrf  and  CaKco-Prmter. 
"  Mr.  Hurst's  wora  drcidrdlv  pills  a  want    .    .     .    ourht  to  be  in  the  * 
BvntY  GAKMBNT  DYBR  and  cleauer  in  the  Kingdom"— TVjr/i/tr  Mtrcury. 
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"Bogn  oovu>  hot  hays  a  morb  alluring  niTRODvoTiON  to  ■oientUlo  pnnoiu 
ttuui  tiMM  obarmliig-looUiig  voluinM/'— Letter  to  tbo  Publiahen  Irom  tiM  HmmI- 
BMter  of  one  of  our  gramt  Public  Schools. 

OPEg-JUll  STODffiS  IK  BOTJUIY: 

SKETCHES    OF   BRITISH    WILD    FLOWEKS 
IN  THEUt  HOKES. 

R.  LLOYD   PRAEOER,  B.A.,  M.R.I.A. 

Illiatrated  by  Drawings  flpom  Nature  by  S.  Rosamond  Fraegen 
and  Photographs  by  R.  Welch. 

Handsome  Cloth,  1b,  6d.     Gilt,  for  Presentation,  Ss.  6d. 

GsmERAL  CoKTKNTS. — A  Daisy-Starred  Pastare— Under  the  Hawthorn* 
— By  the  Kiver — Along  the  Shingle — ^A  Fragrant  Hedgerow— A  Connemara 
Bog — Where  the  Samphire  fl^ows — ^A  Flowery  Meadow — Among  the  Com 
(a  Study  in  Weeds)— In  the  Home  of  the  Alpine8--A  City  Ruhhish-Heap^ 
Glossary. 

"  A  n»8H  AND  BTIMULATIKO  book  .  .  .  ihould  take  s  high  place  .  .  .  ni» 
lUtutrationi  are  drawn  with  mueh  MXL"—Ths  Timet. 

"  Brautivullt  illustrated.  .  .  .  One  of  the  host  aoourati  as  well  a» 
DinRlSTlva  booka  of  the  kind  we  have  Metn/'—AthMumm. 

"Sedolent  with  the  scent  of  woodland  and  meadow."— 7%e  Standard, 

<A  Series  of  BTDCULAZiHa  and  dbliohtful  Chapters  on  Field-Boumj."-- T3U> 


*'  A  woik  as  VRMH  In  many  ways  as  the  flowers  themaelTes  of  which  It  treatai    Ihe- 
■iOB  CBOEB  of  infoimation  which  the  book  contains    .    .    ."—The  Ourdtn. 


OPEHiH  STOMES  III  GEOLOGY: 

An  Introduetion  to  Geologry  Out-of-doors. 

BY 

GRENVILLE   A.   J.   COLE,   P.G.S.,   M.R.LA., 

Professor  of  Geology  in  the  Royal  College  of  Rctence  for  Ireland, 
and  Bxamiaer  in  the  UniTeralty  of  London. 

Wftk  12  FuN-Page  /ltu8iratfon9  from  PhatographM,     doth.     8b,  id 

OmsAL  CoirrBinn3.~The  Materials  of  the  Earth— A  Mountain  Hollow 
— ^Down  the  Valley— Along  the  Shore— Across  the  Plains — Dead  Volcanoeo 
—A  Granite  Highland— The  Annals  of  the  Earth— The  Surrey  Hm»— Tho 
Folds  of  the  Mountains. 

**TlM  VAsaBAnvo  *OraH-AiB  Btodixs*  of  Pior.  Ools  kIts  the  eDbjeet  a  olow  e» 
Aantanon    .    .    .    eannot  fall  to  aroooe  keen  interest  in  geology.*'— &«o/«^ifi0i  Uofftrntm, 

"■BcnraimT  vsiADABue  .  .  .  erery  smaJl  detail  in  a  scene  tonched  with  a  ayi^ 
palhetio  kindly  pen  that  remindi^  one  of  the  lingering  brush  of  a  ConsUble.**- Jfeliini. 

**The  work  of  Prof.  Cole  oombiaee  SLaoairGB  of  ema  with  scunrnno  thosooiii  ■  ■■  **— 
FtttrmatuC*  Jittthiihmgen. 

**  Ttebeok  la  worthy  of  Ita  title:  from  eorer  to  eoTsr  it  is  enoive  with  bracJng  tn^bamm 
of  tbe  menntain  and  the  field,  while  its  aocdract  and  THoaocenrass  show  that  it  la  the 
work  of  an  earnest  and  oonseientions  student  .  .  .  Fall  of  piotnresqne  tovehas  wklek 
aiv  meet  weleome.**— J^ofvraJ  Seimee. 

'*  A  OBAMmia  BOOK,  beaatifnUy  iUaatrated.'*~A<AcnsiMn. 

lONDON:  CHARLES  SRIFFIM  ft  CO.,  UtltTECl  EXETER  8TREEL  8TR*lli( 

Digitized  by  VjOOQ IC 


S6  CHARLES  ORIFFiy  ^  CO.'S  PUBLIOATIOKB. 

Eighteenth  Annual  Issue.    Handsome  oloth,  Ta.  8d. 

(To  Subscribers,  68.). 
THE     OFFICIAL     YEAR-BOOK 

OP  THB 

SCIENTIFIC  AND  LEARfTED  SOCIETIES  OF  GREAT  BRITADI 
AND  IRELAND. 

OOMPILBD  raOM  OFFIOIAL  80UB0B8. 
€0mprl9ing  {together  with  other  Official  information)    LI8T8  •/•  tl^ 
PAPERS  read  during  the  Seseion  1900-1901  before  all  the  LEADING 
SOCIiTliS  throughout  the  Kingdom  engaged  in  the  foiiowing  Depart- 
mente  of  Reeeareh : — 

f  6.  EcoDomic  Science  uid  Stadstin. 
f  7.  Mechanical  Sdeace,  Engineering,  wmA 
Architectnre. 


I «.  Scienoe  Generally :  t.#.,  Societiet  occupy- 
ing tJbenuelves  with  sereral  Branches  of 
Science,  or  with  Science  and  literature 


Jointly. 
%  n.  luthematici  and  Phynct. 
I  %.  Chemistry  and  Photography. 

t4.  Geology,  Geography,  and  Mmeralogy. 
J.  Biology,  including  Microecopy  and  Aa- 
thro|x>lQgy. 


f  S.  Naval  and  Militanr  Saenco. 
i  9.  Agriculture  and  iioiticttltura. 
i  10.  Law. 
f  sz.  Literature. 


iia.  Psychology. 
I13.   ' 


ArchsBology. 


1 14.  Mbdicink. 

"Fills  a  very  real  want." — Engifuering, 

"  Indispensable  to  any  one  who  may  wish  to  keep  himself 
mbreast  of  the  scientific  work  of  the  day." — Edinburgh  Medicai 
fournaL 

**  Thm  Ybak-Book  or  Soasriss  is  a  Record  which  ought  to  be  of  the  greateeta— far 
<he  progress  of  Science."— i^ori^  Pl»ji/air,  F,R,a,,  K.CB^  M,P.,  Ptui-Prtmlmi  9fth» 
BHHMh  Au§cimi%9n., 

"It  goes  almost  without  saying  that  a  Handbook  of  this  subject  will  bo  m,  idmm 
one  of  the  most  generally  usefiil  works  for  the  library  or  the  desk.'*-- 7i4/  T/mm. 

"  British  Societies  are  now  weU  r^nreseatea  In  the  *  Yeai>Book  of  the  Sdendfic  and 
Learned  Societies  of  Great  Britam  and  Ireland. '"-<Art.  "Societies**  ia  New  Bditkaof 
"  lacydopsBdia  Britannica,"  vol.  xxii.) 

Copies  of  the  First  Issue,  giving  an  Account  of  the  Historji 
Organization,  and  Conditions  of  Membership  of  the  Taibrai 
Societies,  and  forming  the  groundwork  of  the  Series,  may  still  be 
bad,  price  7/6.     Also  Copies  of  the  Issues  following. 

The  YKAR-BOOK  OF  sociHTiKS  forms  a  complete  inpbx  to  the  scikntific  work  of  the 
«es9iona]^ea^i^h^anoun>epartmcnts.  It  is  used  as  a  Handbook  in  all  our  great 
SciaMTiFic  CiNTRHS,  MusBUMS,  and  Libraries  throughout  the  Kingdom,  and  has  become 
An  IWDISPEWSABLB  BOOK  OF  REFBRHNCB  to  cvcry  onc  engaged  in  Scientific  Work. 

READY  IN  OCTOBER  EACH  YEAR, 

,*»  Owing  to  the  alteration  of  the  date  of  publication  of  this  work,  so  as 
-to  mike  its  appearance  coincident  with  the  commencement  of  the  S^ional 
year,  the  present  volume  contains  (as  far  as  possible)  lists  of  all  papers  read 
between  January  i,  1900,  and  June  30,  1901  (eighteen  months). 
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